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ABSTRACT 

Lee, Madeline Rose. M.Sc., The University of Manitoba, March 2026. The influence of nitric 

oxide (NO) on histone acetylation in hypoxic Arabidopsis thaliana root tips. Co-Supervisors: 

Dr. Claudio Stasolla and Dr. Jim Davie. 
 

Climate change is increasing the frequency of flooding worldwide, which can damage 

crop plants by inhibiting gas exchange in below ground tissue. Low oxygen stress (hypoxia) in 

root tissue causes an increase in the levels of nitric oxide (NO) which interferes with epigenetic 

regulation through S-nitrosylation and inactivation of histone deacetylases such as HDA6.  It is 

hypothesized that hypoxic stress could lead to an increase in both H3K9ac and H3K14ac because 

of elevated HDA6 S-nitrosylation by NO. To test this hypothesis the acetylation levels of lysine 

9 and 14 of histone H3 (H3K9 and H3K14) were measured in root tips of WT plants and plants 

dysregulating the NO scavenger PHYTOGLOBIN 1. Low oxygen stress enhanced global 

acetylation levels H3K9 and H3K14. This effect was attenuated when PGB1 was constitutively 

expressed and exacerbated when PGB1 level was reduced. The Pgb1 modulation of H3K9ac and 

H3K14ac levels under hypoxia was consistent with NO being an epigenetic modifier in 

Arabidopsis root tips. The potential inhibition of HDA6 S-nitrosylation and mitigation of 

enhanced global levels of H3K9ac and H3K14ac by Pgb1 can protect the epigenome during 

hypoxic stress. Further understanding of the relationship between Pgb1 and the epigenome is 

important for elucidating how stress responses can be modified or accommodated to improve 

survival under waterlogging. 
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This thesis follows the paper style outlined by the Department of Plant Science and 

Faculty of Graduate Studies at the University of Manitoba. The manuscript follows the style 

recommended by the Journal of Plant Physiology. This thesis is presented as a single manuscript, 

containing an abstract, introduction, materials and methods, results, and discussion section. A 

literature review replaces the introduction of the manuscript, covering the broad background of 

research question. The discussion section also contains the conclusion, while supplemental 

figures and table are positioned after the body of the manuscript. 
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1. LITERATURE REVIEW 

1.1. Introduction 

1.1.1. Climate Change and Flooding 

Warming of the oceans and atmosphere caused by the accumulation of greenhouse gases, 

as a result of climate change, has impacted global weather patterns (Ornes, 2018). One 

dangerous consequence of the changing climate is increased flooding, primarily driven by 

heavier, more frequent rainfall. Flooding events have increased in size by 20% and in frequency 

by 200% over the last 100 years (Swain et al., 2020). Relative to undomesticated relatives, crop 

plants tend to be more susceptible to flooding because they are usually selected for high yield in 

low-stress environments (Mustroph, 2018). The effect of flooding on plant productivity and food 

security can be devastating. Between 2003 and 2013, 1.6 million tons of crops worldwide were 

damaged or destroyed by flooding, accounting for 57% of total crop loss from natural disasters 

(Rahman & Di, 2020). Flooding can result in complete plant submergence or waterlogging. 

Waterlogging occurs when the soil is saturated with water, but the photosynthetic tissue is above 

the water level. Both flooding and waterlogging have negative consequences for plant growth. In 

wheat, for example, 15-20% of global yield loss are caused by waterlogging (Nóia Júnior et al., 

2023). Excess moisture does not just impact large-scale farmers but also subsistence farmers who 

rely on their crop for year-round nutrition and are most vulnerable to weather unpredictability 

(Ngcamu, 2023). Waterlogging damages plant tissue, primarily by restricting its access to 

oxygen. However, it also restricts the movement of other gases, such as ethylene, CO2, and nitric 

oxide (NO), which can be detrimental. 
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1.1.2. Flooding and gas dynamics 

Oxygen is necessary for all aerobic organisms, including plants. Excess soil moisture 

limits oxygen exchange in submerged tissues, leading to a depletion of available oxygen. Normal 

oxygen conditions, defined as normoxia, are usually around 21% oxygen (Sasidharan et al., 

2017). However, under normoxic conditions, the oxygen level within plant tissues can vary 

significantly (van Dogen & Licausi, 2015). Tissues with significant cell proliferation, such as 

meristems, tend to have lower oxygen levels due to high rates of respiration (Greve et al., 2003). 

The highly dividing region of the root maintains oxygen concentrations below 1% under 

normoxic conditions (Mira et al., 2023a). Conversely, tissues that actively photosynthesize are 

less susceptible to low oxygen, as oxygen is produced as a byproduct (Loreti & Perata, 2020). 

When oxygen levels drop, cells initially become hypoxic and can eventually become anoxic. 

Hypoxia is characterized by below-normoxic oxygen concentrations (usually in the range of 1-

5%, Sasidharan et al., 2017). This range still allows some degree of biological functions. Anoxia 

describes a complete lack of oxygen, which is unlikely to occur in plants, because of the oxygen 

produced during photosynthesis (Mustroph & Albrecht, 2003). Hypoxic conditions are generally 

observed in roots when plants are waterlogged, but can also occur in photosynthetic tissues 

following partial or complete submergence. As a result, submergence is generally considered 

more detrimental than waterlogging (Visser et al., 2003). 

1.2. Hypoxia 

Oxygen deprivation primarily affects the plant by inhibiting respiration, as oxygen is the 

terminal electron acceptor in aerobic respiration (Babcock, 1999). Hypoxic impairment of 

respiration leads to increased reliance on glycolysis and fermentation pathways (Mustroph & 

Albrecht, 2003). Oxygen availability is a central component of hypoxia, but gas exchange of 



 
 

3 

ethylene, CO2, and nitric oxide (NO) can also be influenced by waterlogging. Unlike oxygen 

depletion, ethylene, CO2, and NO tend to accumulate in waterlogged tissues (Liu et al., 2022; 

Daniel & Hartman, 2024). 

1.2.1. Hypoxia in roots 

In instances of waterlogging or submergence, roots are often the first organs that 

experience an oxygen shortage (Sauter, 2013). Roots are composed of heterogeneous populations 

of cells and tissue types that, most likely, experience and respond to hypoxia differently. 

Understanding root cell and tissue heterogeneity is therefore central to comprehending the full 

breadth of root responses to hypoxia.  

1.2.2. Root structure 

Roots contain three developmental zones: the differentiation, elongation, and 

meristematic zones. The differentiation zone is where differentiation occurs and where root hairs 

begin to develop, the elongation zone is where cell elongation and expansion occur, and the 

meristematic zone is primarily where cells divide (Figure 1; Petricka et al., 2012). Within the 

meristematic zone, the root apical meristem (RAM) maintains stem cell identity. The RAM 

contains the quiescent center (QC) surrounded by undifferentiated initials, which, through active 

proliferation, generate all the cell types of the root (Heyman et al., 2014). The function of the QC 

is to confer an “undifferentiated state” to the adjacent initials; if the QC cells are damaged, the 

initials differentiate precociously (van den Berg et al., 1997). Slow divisions of the QC cells are 

sometimes observed to replace nonfunctional initials (Strotmann & Stahl, 2021). The 

Arabidopsis thaliana (Arabidopsis) root contains about 20 initials: the lateral root cap initials, the 

columella initials, the cortex/endodermis initials, the pericycle initials, and the stele initials 

generating the vascular tissue (Figure 1; Jiang & Feldman, 2005). 
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Figure 1: Root developmental zones and the cell types within the root. The apical meristem 
contains all the dividing cells and stem cells. The quiescent center (QC) is surrounded by 
actively dividing initials: columella initials, lateral root cap initials, cortex/endodermis initials, 
pericycle initials, and stele initials. The root cap below the meristem also contains the lateral root 
cap and the columella root cap. The elongation zone contains cells that are finished dividing but 
are still elongating to their final size. The differentiation zone contains cells actively 
differentiating. Both zones include epidermis, cortex, endodermis, pericycle, and stele. Created 
in https://BioRender.com. 
 

The unique physiological environment that houses the QC and the initials is referred to as 

the stem cell niche (SCN) (Heyman et al., 2014), whose function is regulated by plant growth 

regulators, including auxin and brassinosteroids (BRs) (Ackerman-Lavert et al., 2021). Auxin is 

present as a gradient within the root tip, with high levels in the QC cells and lower levels in the 

actively dividing surrounding cells. Pharmacological and genetic studies have shown that the 
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auxin maximum in the QC is required for the state of quiescence, and perturbation of the auxin 

flow through dysregulation of the PIN-auxin transporters induces divisions of the QC cells with 

abnormalities in root growth (Friml et al., 2003; Blilou et al., 2005). The effect of auxin is 

counteracted by BRs and cytokinin, both of which enhance cell division by interfering with 

auxin levels through their influence on PIN protein dynamics (Hacham et al., 2011; Zhang et al., 

2013). 

1.2.3. The biochemical response to hypoxia 

There are three main levels of hypoxia avoidance: biochemical, physiological, and 

morphological. Biochemical avoidance strategies usually employ changes in gene expression 

and/or protein dynamics to enable the plant to maintain baseline functioning under hypoxic 

conditions. Strategies to improve hypoxic stress tolerance may include a slowed metabolism to 

conserve energy, increased antioxidant production to mitigate oxidative stress, and upregulation 

of enzymes involved in fermentation to provide ATP in the absence of aerobic respiration (Zahra 

et al., 2021). Physiological avoidance strategies include reduced stomatal conductance, 

decreased root permeability, and decreased photosynthetic rate (Parent et al., 2008). 

Morphological avoidance strategies can include the formation of hypertrophied lenticels, 

aerenchyma, and adventitious roots (Leeggangers et al., 2023). These mechanisms tend to reduce 

further oxygen loss and adjust the abundance of other gases, such as ethylene and CO2.  

As indicated above, flooding can affect plants primarily by restricting access to air and, 

consequently, to oxygen. Oxygen deprivation inhibits respiration, as oxygen is the terminal 

electron acceptor in aerobic respiration (Babcock, 1999). Hypoxic impairment of respiration 

leads to increased reliance on glycolysis and fermentation pathways (Mustroph & Albrecht, 

2003). Alcoholic and lactic acid fermentation primarily replaces aerobic respiration through 
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increased expression of alcohol dehydrogenase (ADH), pyruvate decarboxylase (PDC), and 

lactate dehydrogenase (LDH; Perata & Alpi, 1993; Tadege et al., 1999). Pyruvate, the product of 

glycolysis, under aerobic respiration would be oxidized and further processed in the 

mitochondria as a part of the TCA cycle. However, in ethanolic fermentation, pyruvate is instead 

decarboxylated into acetaldehyde by PDC in ethanolic fermentation (Jardine & McDowell, 

2023). Some of the acetaldehyde is then reduced to ethanol to help regenerate NAD+. In lactic 

acid fermentation pyruvate is converted to lactate using LDH. Ethanolic fermentation provides 

ATP and regenerated NAD+ while lactic acid also provides ATP it also results in oxidation of 

NADH. Fermentation is less efficient than aerobic respiration and requires much more sugar to 

produce an adequate amount of usable energy. Yield is lowered from 36 ATP per glucose 

produced during aerobic respiration to 2-4 ATP produced during fermentation (Fukao & Bailey-

Serres, 2004; Sauter, 2013). The decrease in ATP production disrupts essential cellular functions, 

including photosynthesis, nutrient intake and assimilation, hormone synthesis, and long-distance 

communication (shoot-to-root) (De Col et al., 2017). It also leads to a rapid use of carbohydrate 

reserves. As carbohydrates begin to decline in root tissue, maintaining root growth becomes 

difficult (Sauter, 2013). If hypoxic conditions persist for long enough, the affected tissue will 

begin to die, and eventually, if the damage is severe, the plant itself will die (Loreti & Perata, 

2020). Given the impairment of bioenergetic reactions in hypoxic environments, proliferating 

tissues with high energetic needs would be the first to be impacted. 

1.2.4. The physiological response to hypoxia 

Hypoxia caused by waterlogging can also affect physiological processes such as gas 

exchange and photosynthetic rate. Oxygen availability is a central component of hypoxia, but gas 

exchange of ethylene, CO2, and NO can also be influenced by waterlogging (Daniel & Hartman, 
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2024). The diffusion of these gases is reduced in water-saturated soils, as with oxygen, often 

resulting in their accumulation within plant tissues, as they are produced in root tissue (Liu et al., 

2022; Daniel & Hartman, 2024). Ethylene is particularly important for the low oxygen response, 

as it slows down root extension to prevent growth in water-saturated soil (Liu et al., 2022) and 

induces important morphological changes such as the formation of aerenchyma and adventitious 

roots (discussed in the next section; Leeggangers et al., 2023). 

Ethylene, a gaseous hormone, is normally released through the stomata and accumulates 

in water-saturated environments, leading to the activation of ETHYLENE-RESPONSE 

FACTORS (ERFs) that transduce ethylene responses (Xu et al., 2008). The hypoxic response is 

known to be mediated by group VII ETHYLENE RESPONSE FACTOR (ERFVIIs), which are 

transcriptionally induced by ethylene (Gibbs et al., 2015) and stabilized by low oxygen (Hartman 

et al., 2019). ERFVIIs contribute to the hypoxic response by enhancing fermentation 

metabolism, enhancing the redox stress response, and by protecting against some of the negative 

effects that occur after normoxia is restored (Bailey-Serres et al., 2012; Giuntoli & Perata, 2018). 

The conserved N-terminal domain on ERFVIIs contains methionine-cysteine residues (Licausi et 

al., 2011). The methionine residue is cleaved by Methionine Aminopeptidases, which opens the 

cysteine residue for oxidative modification through Plant Cysteine Oxidases (PCOs) (Hu et al., 

2005; Weits et al., 2014). The oxidized Cys is then arginylated by Arg-tRNA protein transferases 

(ATEs) and recognized by PROTEOLYSIS6 (PRT6), an N-end rule pathway E3 ligase. PRT6 

targets the ERFVII for degradation through polyubiquitination (Gibbs et al., 2011). In normoxic 

cells, there is ample oxygen to catalyze this reaction, and ERFVIIs are targeted for degradation; 

however, in hypoxic cells, as oxygen declines, ERFVIIs accumulate and orchestrate a 

transcriptional response (Gibbs et al., 2011; Sasidharan & Mustroph, 2011). While ethylene is 
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the major regulator of ERFVIIs, other factors, such as cellular carbohydrates, energy status, plant 

hormones, cytosolic pH, calcium concentration, and ROS, fine tune their regulation (Daniel & 

Hartman, 2024). Although the production of ethylene is important for the hypoxic response, its 

over-accumulation can have negative effects on survival through the activation of programmed 

cell death within the root apical meristem (Mira et al., 2016). 

Like oxygen, CO2 diffusion is also impaired in water-saturating environments. Voesenek 

& Bailey-Serres (2015) suggest that reduced CO2 movement in submerged plants contributes to 

reduced photosynthesis, together with decreased stomatal conductance due to stomatal closure 

and the degradation of photosynthetic components. Waterlogging decreased the levels of 

chlorophyll a and b and carotenoids which was attributed to increased gene expression 

chlorophyll degradation enzymes (Anee et al., 2019; Andrzejczak et al., 2020). Waterlogging has 

also been shown to downregulate the enzyme Rubisco, the central enzyme of carbon fixation 

(Kuai et al., 2014; Pan et al., 2021).  

1.2.5. The morphological response to hypoxia 

Some morphological changes induced by hypoxia include stimulation of elongation of 

above ground organs, adventitious root formation, aerenchyma formation, and barrier formation 

in roots. Stimulation of elongation and development of adventitious roots, i.e., roots generated 

from non-root tissue, helps maintain above water atmospheric contact in tissues and organs 

(Parent et al., 2008; Daniel & Hartman, 2024). Adventitious roots function to explore soil 

regions that are not saturated with water (Steffens & Rasmussen, 2015).  

Aerenchyma are air pockets within plant tissues that allow for low resistance air 

movement of hypoxic tissues (Visser et al., 2000; McDonald et al., 2002). Although aerenchyma 

can form through diverse mechanisms, the best characterized aerenchyma are called lysigenous 
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aerenchyma. The other types of aerenchyma form through cell enlargement or cell division, all of 

which create a gap between cells that can fill with air (Bailey-Serres & Voesenek, 2008). 

Lysigenous aerenchyma are formed through programmed cell death of the cortex tissue in the 

roots (Bailey-Serres & Voesenek, 2008). Programmed cell death in aerenchyma formation is 

thought to be induced by an increased ethylene, as ethylene biosynthesis is necessary for 

aerenchyma formation and was found to trigger aerenchyma formation (He et al., 1996; 

Gunawardena et al., 2001). Formation of lysigenous aerenchyma increases waterlogging stress 

tolerance by facilitating gas movement within the cortex. This results in increased movement of 

oxygen to the root tip and removal of gases than can accumulate in waterlogged tissue (CO2, 

ethylene, NO; Evans, 2003) 

Additionally, some species, generally wetland species, can form radial oxygen loss 

(ROL) barriers to limit oxygen diffusion in addition to aerenchyma formation (Daniel & 

Hartman, 2024). Radial oxygen loss barriers are mainly composed of suberin and are located in 

the outer cell layers including the epidermis (Ejiri et al., 2021). This barrier regulates water and 

nutrient movement into root tissues (Colmer, 2003). Development of aerenchyma primarily 

occur in adventitious roots that form following flooding (Colmer, 2003). The formation of 

structures such as aerenchyma and the ROL barrier to inhibit oxygen loss maintain sufficient 

oxygen at the root tip and support root elongation in hypoxic soil (Armstrong & Armstrong, 

2005). Heterogeneity of root tissue impacts the area where adventitious roots, aerenchyma, and 

ROL barrier form. Adventitious roots are formed from non-root tissue, aerenchyma are formed 

within cortex tissue, and ROL barriers form around epidermal cells in root elongation and 

differentiation zones (Daniel & Hartman, 2024).  



 
 

10 

One of the earliest morphological events observed in hypoxic roots is the degradation of 

QC stem cells and growth inhibition, resulting from high ROS and ethylene accumulation (Mira 

et al., 2016; 2023a). Degradation of the QC seen in hypoxic roots is largely controlled by a 

change in the auxin gradient necessary for root growth. Auxin is required for SCN specification. 

The QC needs a higher auxin concentration to maintain stem cell conformation (Yamoune et al., 

2021). Auxin controls QC development through its interaction with Wuschel-related homeobox 5 

(WOX5) and Plethoras (PLTs; Blilou et al., 2005). Both transcription factors confer a slow 

mitotic rate in QC cells; WOX5 specifically functions by suppressing cyclins 1 and 3 (Forzani et 

al., 2014). In hypoxic roots, the auxin maxima dissipates because of PIN protein dysregulation 

(Mira et al., 2023b). In normoxic conditions, PIN proteins, primarily PIN1 and PIN4, direct 

auxin down the length of the root and cause it to accumulate in the RAM (Friml et al., 2003; 

Vieten et al., 2005). Without proper function of PIN proteins, auxin cannot accumulate and 

confer QC identity. This results in rapid cell division and cell degradation in the QC if the auxin 

maxima is not retained (Mira et al., 2023b). 

1.3. Nitric oxide 

Nitric oxide is a gaseous hormone that accumulates in waterlogging and submergence 

conditions. Its small size and lipophilic properties allow it to readily diffuse across the plasma 

membrane, making it an effective chemical messenger (Khan et al., 2023). It is central to many 

important processes, including germination, root development, chlorophyll biosynthesis, 

vegetative growth, vascular differentiation, formation of symbiotic nodules, stomatal opening, 

iron homeostasis, senescence, and fruit ripening (Simontacchi et al., 2015). Under various stress 

conditions, including hypoxia, physiological levels of NO can also help initiate and aid with 

stress responses (Rahim et al., 2022; Khan et al., 2023). The action of NO is often mediated by 
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other phytohormones, including auxin, abscisic acid, gibberellins, ethylene, and salicylic acid 

(Khan et al., 2023). 

NO can be produced through enzymatic and nonenzymatic reactions. The main route of 

enzymatic production is via cytosolic nitrate reductase (NRs), although other enzymes can also 

produce NO. Cytosolic nitrate reductase is induced under many stress conditions, such as 

hypoxia (Yamasaki et al., 1999). Enzymes such as prohibitin 3 and cytochrome c oxidase (COX) 

are important in mitochondrial sensing of hypoxia, and COX contributes to NO production 

through nitrate reduction (Castello et al., 2008; Kong et al., 2018). Nitric oxide can also be 

produced nonenzymatically through the reduction of nitrate by antioxidants or reducing agents 

(Bethke et al., 2004). It can also be produced as a byproduct of a reaction between nitrogen 

oxides and plant metabolites (Bethke et al., 2004). The variety of pathways capable of producing 

NO contributes to the dynamic action of this signal molecule.  

1.3.1. Nitric oxide and the hypoxic response 

Under low oxygen stress, NO tends to accumulate to very high levels. This can disrupt 

the auxin maxima required for the maintenance of QC identity through its interaction with PIN 

proteins. Disruption of PIN-mediated auxin transport was shown by Mira et al. (2023a) to be 

caused by increased NO in hypoxic roots. Accumulation of NO increases root growth by 

decreasing the auxin maxima seen in the RAM (Sun et al., 2018). Increasing NO inhibits the 

expression of several PIN proteins, disrupting auxin transport and the auxin gradient necessary 

for controlling the various cellular identities within the RAM (Guillotin & Binbaum, 2020). 

PIN1 has specifically been shown to interact with NO, leading to a reduction in PIN1 protein 

levels in a proteasome-independent manner (Fernandez-Marcos et al., 2011). This disruption in 

the auxin gradient can be influenced by the protein Phytoglobin 1 (Pgb1) due to its ability to 
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scavenge NO (Mira et al., 2023b). Pgb1 reduces NO in hypoxic tissue, allowing the QC to 

remain functional (Mira et al., 2023b) 

NO can also impact cellular dynamics by reacting with superoxide anions to form 

peroxynitrite. This molecule can induce post-translational protein modifications called S-

nitrosylation, which mediates the majority of NO-mediated responses (Ageeva-Kieferle et al., 

2019; Khan et al., 2023). S-nitrosylation specifically involves the addition of an NO group to a 

cysteine residue, but NO can also bind to protein metal centers and tyrosine residues (Ageeva-

Kieferle et al., 2019). The best example of NO action through protein S-nitrosylation is 

exemplified by its action on ERFVIIs. NO can act as an oxidizing agent alongside oxygen to 

modify ERFVIIs and target them for degradation through the N-degron pathway as described 

above (Gibbs et al., 2014). When NO and/or oxygen increase, ERFVIIs become destabilized and 

are prone to degradation, thereby allowing downstream changes in transcription through targeted 

interactions (Gibbs et al., 2015). Both nitric oxide and oxygen are required for ERFVIIs 

degradation through the N-degron pathway (Gibbs et al., 2014). Increased NO, often induced by 

hypoxia, can dampen the hypoxic response by targeting the degradation of ERFVIIs.  

1.4. Phytoglobin  

To reduce the effect of NO under hypoxia, the cell can either downregulate NO 

production or upregulate phytoglobins (PGBs; Hebelstrup et al., 2012; Chamizo-Ampudia et al., 

2017). Phytoglobins can be categorized into six types. These include nonsymbiotic hemoglobins 

(Phytogb0), class 1 nonsymbiotic hemoglobins (Phytogb1), class 2 nonsymbiotic hemoglobins 

(Phytogb2), class 3 nonsymbiotic hemoglobins (Phytobg3), symbiotic hemoglobins 

(SymPhytogb), and leghemoglobins (Lb) (Hill et al., 2016). Phytogb1 or Pgb1 are the most well 

studied; they exhibit high oxygen affinity and are expressed under stress conditions such as 
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hypoxia (Dordas et al., 2003; Gupta et al., 2011). Phytogb2 or Pgb2 have a lower oxygen affinity 

than class 1 phytoglobins and are generally involved in development (Trevaskis et al., 1997; 

Godee et al., 2017). Phytogb3 or Pgb3 show sequence similarity to bacterial globins and are the 

least studied out of the three phytoglobins classes however class 3 phytoglobins have been 

implicated in NO-related pathways (Reeder & Hough, 2014; Mukhi et al., 2016). Phytoglobin1, 

because of its well-known impact on NO dynamics during hypoxic stress is the focus of this 

study.  

Pgb1 cycles through three forms as it scavenges NO (Das et al., 1999). Once Pgb1 

becomes oxygenated (Fe2+), it can then rapidly react with NO to form nitrate (NO3-) to become 

metphytoglobin (Fe3+). Metphytoglobin reductase then catalyzes the conversion of 

metphytoglobin back to the original form of phytoglobin, oxidizing NADH to NAD+ in the 

process (Igamberdiev & Hill, 2004; Gupta et al., 2011). Pgb1s are able to stabilize ERFVII 

proteins by scavenging and functionally removing NO (Dordas et al., 2003; Perazzolli et al., 

2004). Pgbs are upregulated in hypoxic conditions by ERFVIIs, both of which are positive 

regulators of each other. In this way, ethylene can mediate NO levels independently of oxygen 

levels in hypoxic plants by upregulating Pgb1s (Hartman et al., 2019).  

Pgb1 can also confer a morphological advantage in hypoxic conditions through the 

protection of stem cell identity in the RAM. The RAM identity is maintained through the 

preservation of the auxin gradient and through efficient and rapid energy usage. Mira et al. 

(2023a) found that PGB1 overexpression led to reduced degradation of the RAM through 

maintenance of the auxin maxima in the QC. The auxin maxima is maintained because Pgb1 

mitigates NO-mediated PIN dysfunction (Mira et al., 2023b). Pgb1 can also mediate the 

biochemical effects of NO during hypoxia by reducing involvement of fermentation pathways on 
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energy production (Mira et al., 2023a). Mitochondrial machinery utilizes nitrite as an electron 

acceptor to both oxidize NADH/NADPH and generate ATP (Stoimenova et al., 2007). This 

allows for greater energy production in hypoxic tissue and preserves the functionality of the 

tissue that is usually susceptible to it. 

1.5. Plant epigenetics 

Nitric oxide has been implicated to modulate epigenetic regulation in both plant and 

animal systems (Nott et al., 2008; Mengel et al., 2017; Ageeva-Kieferle et al., 2021). Gaining an 

understanding of how NO can affect epigenetic regulation can provide insight into how the 

hypoxic response is initiated and how it can be modified by the action of Pgb1. Epigenetics is the 

regulation of gene expression through control over the three-dimensional organization of 

chromatin. The histone octamer is a protein complex that condenses and organizes nuclear DNA. 

It can be moved and modified to change DNA accessibility. Each histone octamer contains two 

copies each of H2A, H2B, H3, and H4 (Luger et al., 1997). A stretch of DNA about 146 base 

pairs long wraps around each histone octamer. Histones are basic proteins caused by the higher 

amounts of lysine and arginine in their sequences. The most common histone modifications are 

acetylation and methylation, and these modifications are generally located on the N-terminal tails 

of histones, although globular domain modifications do exist (Strahl & Allis, 2000). Some 

common acetylation modifications on the N-terminal tail of H3 are depicted in Figure 2. These 

modifications are usually reversible and often exist in a dynamic relationship, interacting with 

one another through various chromatin-binding factors (Cheug et al., 2000).  
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Figure 2: Histone interaction with DNA within the nucleosome. Nucleosome containing histones 
with acetylated N-terminal tails on the left (A). A closer view of histone H3 and its acetylated N-
terminal tail is shown on the right (B). The acetylated lysines (K9 and K14) are common 
modifications associated with increased transcription. Created in https://BioRender.com. 

 
1.5.1. Histone modifications 

Histone acetylation is the addition of an acetyl group to amino acids such as lysine, 

serine, and threonine, although lysine acetylation is the most common. Acetylation marks tend to 

loosen histone association with DNA, allowing easier access for transcription factors (Pandey et 

al., 2002). On the other hand, methylation tends to tighten histone-DNA association, reducing the 

potential for transcription of that region, although this is not always the case (Bannister et al., 

2002). Methylation on histone H3 lysine 4, for example, is a mark of transcriptionally active 

chromatin and associates with various acetylation marks (Beacon et al., 2021). Histone 

methylation causes variable changes in chromatin conformation because methyl groups are small 

and uncharged. Additionally, multiple methyl groups can be added to the same amino acid 

because of the small size of methyl groups (Bannister & Kouzarides, 2011). 
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1.5.2. Histone variants and structures 

Histone variants show some difference between plants and animals. Plant and animal 

histones are very similar in size and vary mostly in sequence (Borg et al., 2021). Histones H3 

and H4 are highly conserved between plants and animals, especially at the N-terminal end (Borg 

et al., 2021). Histone H2B and histone H1 are the most divergent histones (Chaboute et al., 

1993). Histone H3 variants are highly conserved between plants and animals, while H2B variants 

are highly divergent (Borg et al., 2021). Plants also lack the centromere-specific histone H3 

variant CENH3; although histone H3.1 is enriched in pericentromeric regions, possibly filling 

the same role (Stroud et al., 2012).  

Histone structure also differs slightly between animals and plants; however, the function 

of the histones and their modifications are very similar. Many of the commonly studied histone 

marks confer similar chromatin conformations in plants, compared to those found in animals or 

yeast. For example, histone H3 lysine 4 methylation (mono-, di-, and tri-) will confer open 

chromatin, histone H3 lysine 27 and lysine 9 methylation will associate with closed/repressed 

chromatin (Feng & Jacobsen 2011). The various acetylation marks on the lysines within the N-

terminal ends of histone 3 (K9, K14, K18, K23, K27, K36) and 4 (K5, K8, K12, K16, K20) have 

been reported to behave the same way as animal acetylation marks, associated with open 

chromatin (Berr et al., 2011). 

1.5.3. DNA methylation 

DNA can also be methylated, which tends to confer tighter chromatin organization 

(Lewis & Bird, 1991). DNA methylation in plants is mainly initiated by the RNA-directed DNA 

methylation (RdDM) pathways and is enriched over transposable elements (Gallego-Bartolome, 

2020). DNA methylation patterns differ from animal models in terms of the methylation patterns. 
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Methylation can be found in CG, CHG, and CHH patterning, where H is any base except 

guanine (Harris & Zemach, 2020). Distinct enzymes control these methylation patterns, confer 

distinct chromatin conformations, and associate with distinct transcriptional outcomes (Harris & 

Zemach, 2020). CG methylation in plants shows similar patterns when compared to animal CG 

methylation. DNA methylation is also more common in plants, as 14% of Arabidopsis cytosines 

are methylated, compared to 4% in humans (Capuano et al., 2014).  

1.5.4. Nitric oxide and epigenetics 

As described above, NO is an important signaling molecule involved in many processes 

and has been found to influence a wide variety of genes involved in signal transduction, 

intracellular transport, cell death, metabolism, photosynthesis, transcription factors, ROS 

production, and ROS degradation (Polverari et al., 2003; Panari et al., 2004; Begara-Morales et 

al., 2014). The broad nature of NO’s effect on expression indicates that it influences multiple 

pathways (Ageeva-Kieferle et al., 2019). NO can directly modify proteins important for certain 

physiological processes, such as photosynthesis (Ageeva-Kieferle et al., 2021). It can also 

directly influence gene expression through S-nitrosylation of ERFVII transcription factors, as 

described above. However, there is still an opportunity for S-nitrosylation of other proteins that 

modulate transcription.  

1.5.5. Histone acetylation and nitric oxide 

Nitric oxide has been observed to affect histone acetylation dynamics. Upon application 

of the NO donor S-nitrosoglutathione (GSNO), global histone acetylation (including H3K9ac 

and H3K14ac) increased dramatically compared with treatment with both GSNO and the NO 

quencher carboxy-PTIO (Mengel et al., 2017). The large-scale increase in histone acetylation 

was proposed to result from S-nitrosylation of histone deacetylases (HDACs). There are two 
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categories of enzymes that modify acetylation rates, HDACs and lysine acetyltransferases 

(KATs). Histone deacetylases remove acetyl groups while KATs add acetyl groups to histones. 

The increase of acetylation in response to NO can be caused by either a reduction of HDAC 

activity or the induction of KAT activity. Although either KATs or HDACs could be involved in 

this increase in acetylation, HDACs were chosen as the most likely candidate because work 

conducted in animal models shows HDAC inactivation in response to NO. HDAC (HDAC2) has 

been shown to reduce activity when S-nitrosylated at specific cysteine residues (Nott et al., 2008; 

Ageeva-Kieferle et al., 2019). 

1.5.6. Histone deacetylases and nitric oxide 

Histone deacetylases are central regulators of chromatin structure and gene expression in 

developmental and stress responses. There are three families of HDACs in plants: RPD3/HDA1 

(Reduced Potassium Dependency 3/histone deacetylase 1), HD2 (HD-tuins 2), and SIR2-like 

proteins (Silent Information Regulator 2; Kumar et al., 2020). All three families contain a mix of 

nuclear and cytoplasmically located HDACs. Both SIR2-like proteins can localize to the nucleus, 

depending on the splicing variant (Jiang et al., 2020). HD-tuins HD2A and HD2B can also 

localize to the nucleus (Han et al., 2023). The RPD3-type family HDACs that are nuclear 

localized include HDA6, HDA9, HDA15, HDA18, and HDA19 (Fong et al., 2006; Alinsung et 

al., 2012; Kurita et al., 2019).  

The HDACs in the class I RPD3-type family (containing HDA6 and HDA19) are of 

particular interest because they are involved in diverse developmental and stress responses, and 

there is evidence that they can be modified by S-nitrosylation, like their human analogs (Ageeva-

Kieferle et al., 2019). Members of this HDAC family contain several cysteine residues that NO 

can modify. HDA6 and HDA19 show considerable homology with the sites on human HDAC2 
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that can be modified by NO (Cys262 and Cys274; Nott et al., 2008; Ageeva-Kieferle et al., 

2019). Within the C-terminal region, there are 6 highly conserved cysteine residues, two of 

which (Cys262 and Cys274) are targets for NO in human HDAC2 (Ageeva-Kieferle et al., 

2019). When these sites are modified in human HDAC2, its catalytic activity is unchanged, but it 

stimulates its release from chromatin, leading to increased acetylation (Nott et al., 2008).  

The large-scale increase in histone acetylation seen after NO exposure is thought to be 

caused by S-nitrosylation of particular histone deacetylases (HDACs) in Arabidopsis thaliana 

(Ageeva-Kieferle et al., 2019). This modification has the potential to alter the catalytic activity, 

DNA binding, or protein-protein interactions of HDACs, as NO does in human HDAC2 

(Ageeva-Kieferle et al., 2019). The effects of modifications on the activity of the enzyme will 

vary depending on which cysteine is modified, and comparing cysteine modification sites can 

help to explain why different HDACs may behave differently following S-nitrosylation. There 

are a few Arabidopsis thaliana HDACs similar in structure and sequence to human HDAC2. 

They include HDA19 and HDA6. The active site cystine in HDA19 (Cys 137) is in a similar 

position to the cystine at the active site at HDAC2 (Cys149). The cystines at each zinc finger 

domain (DNA-binding site) also remain fairly conserved in position when comparing HDA19 

(Cys 256 and Cys 268) to human HDAC2 (Cys262 and Cys274; Ageeva-Kieferle et al., 2019; 

Zheng et al., 2023). Modifications at the active site may inhibit the removal of acetyl groups, 

while modifications at the zinc-finger domain may reduce the HDAC’s binding efficiency to the 

chromatin. 

There is direct evidence that both HDA6 and HDA19 are S-nitrosylated, and that this 

modification can alter their activity. When investigating how light intensity modifies histone 

acetylation, Ageeva-Kieferle et al. (2021) found that low light conditions can increase NO in 
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photosynthetic tissues and cause an increase in acetylation at H3K9ac and H3K14ac. HDA6 was 

identified as the cause of this acetylation increase because HDA6 activity decreased in response 

to low-light stress. Additionally, hda6 mutants showed no change in acetylation in response to 

low-light stress (Ageeva-Kieferle et al., 2021). Ageeva-Kieferle et al. (2021) showed that HDA6, 

when s-nitrosylated, decreases its activity, leading to global increases in acetylation.  

HDA19, unlike HDA6, was found to increase activity when S-nitrosylated (Zheng et al., 

2023). Zheng et al. (2023) also found that the modified cysteines differed from what was 

predicted by comparing HDA19 to human HDAC2. Cys137 was identified as the most important 

target of NO in HDA19, rather than Cys262 or Cys274 (Ageeva-Kieferle et al., 2019; Zheng et 

al., 2023). S-nitrosylation of Cys137 was indicated to be important for activating HDA19 

deacetylase activity, and when activated, HDA19 deacetylated H3K14ac marks on genes related 

to oxidative stress response (Zheng et al., 2023). This is inconsistent with other results on human 

HDAC2, as S-nitrosylation decreases its activity (Nott et al., 2008). This is also inconsistent with 

previous work in Arabidopsis thaliana, because as HDACs became S-nitrosylated acetylation 

levels increased (Mengel et al., 2017). 

HD2 is a plant-specific group of histone deacetylases. They were first discovered in 

maize and play a role in development and stress responses. Although there is no indication that 

this family of HDACs interacts with NO or participate in the hypoxic response, there is evidence 

that the HD2 family HDACs HD2A, HD2C, and HD2D can interact with HDA6 and HDA19 

(Luo et al., 2012). This indicates that they can coexist within the same complex, potentially 

influencing one another (Luo et al., 2012). 

HDACs can be inhibited by hypoxia through factors other than NO, such as changes in 

redox potential. Sirtuins, a group of histone deacetylases, are dependent on NAD+ for 
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deacetylase activity (North & Verdin, 2004; Kumar et al., 2020). NADH increases in hypoxia 

because the conversion of NAD+ back to NADH requires oxygen (Yan et al., 2020). With 

decreased access to NAD+, the activity of Sirtuins during hypoxia is diminished. In Arabidopsis, 

Sirtuin 1 (SRT1) is a negative regulator of the stress response and glycolysis; when NAD+ is 

depleted in hypoxic tissue, SRT1 loses its activity, stress response genes are activated, and 

glycolytic enzymes are activated (Liu et al., 2017). Sirtuin 2 (SRT2) has primarily been reported 

as a negative regulator of pathogen response by downregulating salicylic acid biosynthesis 

(Wang et al., 2010). Increased salicylic acid biosynthesis is seen in hypoxic plants through the 

action of the ERFVII transcription factor RAP2.12 and is thought to contribute to tissue 

regeneration (Bagautdinova et al., 2022; Chirinos & Licausi, 2024). 

1.5.7. Phytoglobin1 and histone acetylation 

Although there is no direct evidence of how Pgb1 may affect acetylation rates, a 

relationship is possible. As mentioned above, Pgb1 can scavenge NO by converting NO to nitrate 

(NO3-; Igamberdiev et al., 2004). NO is responsible for an increase in histone acetylation, and 

the increase in histone acetylation is thought to be caused by S-nitrosylation and deactivation 

certain HDACs (HDA6 and/or HDA19; Mengel et al., 2017; Ageeva-Kieferle et al., 2019). 

Therefore, Pgb1, like cPTIO, should be able to reduce histone acetylation and maintain HDAC 

activity through its ability to scavenge NO. 

1.6. Hypothesis 

Hypoxia can elevate histone acetylation at H3K9 and H3K14 through the S-nitrosylation 

and inactivation of HDACs. The hypoxia-induced elevation in H3K9 and H3K14 acetylation can 

be mediated by Phytoglobin1 (Pgb1), through its ability to scavenge NO in Arabidopsis thaliana 

roots.  
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1.7. Thesis objectives 

To test the hypothesis, antibody quality control was first performed to ensure accurate 

and reproducible immunoblot results. Subsequently, a WT (Col-0) Arabidopsis line was 

subjected to hypoxia and extracts from root tissue were immunoblotted for H3K9ac and 

H3K14ac to assess global acetylation levels in response to hypoxia. Finally, the effects of Pgb1 

on H3K9 and H3K14 acetylation were determined using three transgenic lines, one that 

constitutively expressed PGB1 (35S:PGB1), one with RNAi-mediated downregulation (Pgb-

RNAi), and a Pgb1 T-DNA insertion knockout line (pgb1-1). These lines were subjected to 

hypoxia and the extracted cell lysates immunoblotted for both H3K9ac and H3K14ac.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

23 

2. MATERIALS AND METHODS 

2.1 Plant material 

All work was done with Arabidopsis thaliana. The experiment used a wild type (Col-0) 

line, a line overexpressing [35S:Pgb1] or down-regulating (Pgb1-RNAi) PHYTOGLOBIN 1 

(Hunt et al. 2002, Hebelstrup et al. 2007), as well as pgb1 T-DNA insertion mutant line (pgb1-1, 

Hartman et al., 2019). Every transgenic line used was a product of stable transformation 

completed through Agrobacterium based floral dip method. The Pgb1-RNAi line used the 

Hellsgate vector, while the 35S:PGB1 line and the pgb1-1 line both used unnamed bacterial 

expression vectors (Hunt et al., 2002; Alonso et al., 2003; Hebelstrup et al., 2006). The 35S:Pgb1 

line constitutively expresses PGB1 with the cauliflower 35S promoter; the transcript expression 

level of PGB1 was about 2 times higher relative to WT and this increase results in an elevation 

of the Pgb1 protein (Hartman et al., 2019; Mira et al., 2023b). Compared to WT, Pgb1 protein 

levels were decreased by about half in the Pgb1-RNAi line (Mira et al., 2023b) and completely 

abolished in the pgb1-1 line harboring a T-DNA insertion around 300 bp upstream from the 

PGB1 start codon (Alonso et al., 2003; Hartman et al., 2019). While the Pgb1-RNAi line still 

contained 2-3% of the PGB1 transcript levels observed in WT, the pgb1-1 line completely lacks 

PGB1 transcripts (Hebelstrup et al., 2006; Hartman et al., 2019).  

Seeds were sterilized with 70% ethanol and 0.05% (v/v) Triton X-100 and placed in a 

straight line on square Petri plates containing ½ Murashige and Skoog (MS) media. Plants were 

kept for 24 hours at 4°C, and then grown for 7-10 days under 18 hours light / 6 hours dark at 

22°C. When plants reached 6-8 cm in length, they were subjected to either normoxic or hypoxic 

treatment. The Petri plates were transferred into a desiccator flushed with ambient air (normoxia) 

or 4% oxygen (hypoxia) for 12 hours (from 9 pm to 9 am). The desiccator was first flashed with 



 
 

24 

gas at 9 pm to fill it, and then again at 6 am to ensure a consistent oxygen percentage. Once the 

treatments were completed, the bottom 1 cm of the roots was collected and immediately frozen 

in liquid nitrogen. Samples were kept at –80°C until processed.  

2.2 Antibody quality control 

2.2.1 Dot blots 

Dot blots were generated by pipetting 0.2 µg, 0.1 µg, 0.05 µg, and 0.02 µg of synthetic 

oligopeptides (listed in Table 1) onto a nitrocellulose membrane, which was then incubated at 

65°C for 20 minutes in a micro hybridization incubator (Robbins Scientific model 2000). The 

blots were then incubated in 5% (w/v) skim milk in Tris-buffered saline (20 mM Tris base, 150 

mM NaCl with Tween-20 (0.1% (v/v)); TBST) blocking solution for 30 minutes at room 

temperature. The blots were then processed as Western blots (described below). The primary 

antibodies tested (listed in Table 2) were either targeting H3K9ac or H3K14ac. For both 

antibodies, the same panel of N-terminal histone H3 oligopeptides was used: oligo-H3, oligo-

H3K9ac, oligo-H3K14ac, and oligo-H3K27ac (Table 1). Oligo-H3 contains the first 19 amino 

acids in the H3 sequence; however, oligo-H3K9ac, oligo-H3K14ac, and oligo-H3K27ac peptide 

sequences were not disclosed.  

Table 1: List of the peptides used to generate dot blots. All peptides were diluted from their 
original concentration of 1 µg/µl to 0.1  µg/µl. The oligo-H3 peptide was the only peptide that 
had a disclosed sequence. 

Oligopeptide Company Catalog number Lot number Peptide Sequence 
Oligo-H3 Abcam ab7228 GR128273-1 ARTKQTARKSTGGKAPGGC 
Oligo-H3K9ac Abcam ab16635 GR222358-1 Undisclosed 
Oligo-H3K14ac Abcam ab112547 GR245563-1 Undisclosed 
Oligo-H3K27ac Abcam ab24404 GR221083-1 Undisclosed 
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2.2.2 Linear Curves 

The immunoblots used to generate the linear curves were made by pipetting an increasing 

series of wild type normoxia-treated cell lysate samples into an SDS-PAGE (sodium dodecyl 

sulfate polyacrylamide gel electrophoresis) gel. The SDS gels were electrophoresed and 

subsequently treated as Western blots and then imaged using the same methods listed below. 

Once imaged, the blot bands displaying protein signal were quantified using the technique 

described below. Band intensity was calculated using band volume and band area values (band 

intensity = band volume/ band area) provided by the Azure SpotPro software. Immunoblots with 

a range shorter than adequate (4 to 5 lanes between 5 μg and 25 μg) were run to generate 

preliminary linear curves. Once quantified, these immunoblots were used to approximate the 

linear detection range for each corresponding antibody. Preliminary linear curves contained a 

short linear portion and either a slight band under or oversaturation. A full linear curve was 

generated then by extending the linear range observed in the shorter linear curve in a subsequent 

immunoblot.  

Immunoblots generated for the full linear curve contained an extended range of cell 

lysate protein loading values, both well above and below what each antibody was capable of 

detecting. This ensured that each immunoblot captured the undersaturated, linear, and 

oversaturated ranges. If the linear curve did not contain either under or oversaturation, the blot 

was repeated to ensure the full detection range of each antibody was captured. The H3K9ac and 

H3K14ac band intensities were plotted against the amount of cell lysate protein on the 

nitrocellulose membrane. The linear section of the standard curve was isolated and used to create 

a linear equation (y = mx + b; where y was band intensity and x was the amount of protein on the 
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membrane). Any band intensity values outside of the designated linear range of each antibody 

were removed from the data set.  

Protein loading values used for Western blot analysis were determined using the linear 

equations described above. The linear portion of the standard curve was used to estimate the 

optimal protein loading that would maintain immunoblot linearity in subsequent analyses. An 

increase in H3K9 and H3K14 acetylation levels in response to hypoxia was hypothesized. This 

would most likely lead to excessive saturation in hypoxia-treated samples. The linear curves 

were created using wild type normoxia-treated samples. To mitigate oversaturation in hypoxia-

treated samples, protein loading was set to values at the beginning of the linear detection range. 

This allowed for an increase in H3K9 and H3K14 acetylation levels to be measured while still 

maintaining linear detection within normoxia-treated samples.  

Each antibody had a different linear detection range and, therefore, different protein loading 

values. To ensure proportionality when comparing protein levels in further analysis, immunoblot 

band intensities were normalized to the standard curve. Linear models were used to convert the 

immunoblot band intensities to proportional protein values. Band intensity values ascertained 

from immunoblot quantification (described below) were used as the y-value in the linear 

equations and proportional protein values were calculated by solving for the x-value.  

A loading control immunostained with antibodies against H3 was used to ensure accurate and 

reproducible qualitative immunoblot data (Table 2). The use of H3 as the loading control allowed 

comparison of H3 levels with and H3K9 or H3K14 acetylation levels. A linear curve and a linear 

equation were created for this antibody utilizing the same technique described above. The linear 

equation was used to normalize immunoblot band intensity by converting these values to their 
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proportional protein values. This ensured that fold changes seen in both H3K9ac and H3K14ac 

immunoblots could be effectively normalized for loading.  

Table 2: List of all the antibodies used. Histone H3 antibody lot #: 1031351-9 was used for wild 
type, 35S:PGB1, and Pgb-RNAi lines (Bio Rep 1-3) while lot#: 1084399-8 was used for wild 
type and 35S:PGB1 lines (Bio Rep 4-5) and the pgb1-1 line (Bio Rep 1-2). H3K9ac antibody lot 
#: 1069519-4 was used for wild type, 35S:PGB1, and Pgb-RNAi lines (Bio Rep 1-3) while lot#: 
1088902-6 was used for wild type and 35S:PGB1 lines (Bio Rep 4-5) and the pgb1-1 line (Bio 
Rep 1-2). H3K14ac antibody from Invitrogen lot#: ZD4295643A was used for wild type, 
35S:PGB1, and Pgb-RNAi lines (Bio Rep 1). H3K14ac antibody from Abcam lot #: 1029948-47 
was used for wild type, 35S:PGB1, and Pgb-RNAi lines (Bio Rep 2-3), while lot#: 1029948-53 
was used for wild type and 35S:PGB1 lines (Bio Rep 4-5) and the pgb1-1 line (Bio Rep 1-2). 

Antibody 
Target 

Company Catalog 
number 

Lot Number Dilution Host Clonality 

Histone H3 Abcam ab10799 1031351-9 1:1000 mouse monoclonal 
Histone H3 Abcam ab10799 1084399-8 1:1000 mouse monoclonal 
H3K9ac Abcam ab32129 1069519-4 1:1000 rabbit monoclonal 
H3K9ac Abcam ab32129 1088902-6 1:1000 rabbit monoclonal 
H3K14ac Invitrogen MA5-32814 ZD4295643A 1:1000 rabbit monoclonal 
H3K14ac Invitrogen MA5-32814 AB4640083A 1:1000 rabbit monoclonal 
H3K14ac Abcam ab52946 1029948-47 1:1000 rabbit monoclonal 
H3K14ac Abcam ab52946 1029948-53 1:1000 rabbit monoclonal 
Anti-Mouse Invitrogen 31430 YD375335 1:50000 goat polyclonal 
Anti-Rabbit Invitrogen 32460 YK375337 1:1000 goat polyclonal 

 

2.3 Western blotting 

For Western blotting, samples were processed using one of the two cell lysis protocols: 

Protocol A or B. A full list of both biological replicates and the corresponding cell lysate protocol 

is presented in Table 3. Only three biological replicates were completed for the Pgb-RNAi line as 

it was replaced by pgb1-1 in subsequent treatments. The pgb1-1 line only contained two 

biological replicates because the line was obtained at a later time.  
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Protocol A: The plant cell lysis buffer contained 50 mM Tris-HCl (pH 7.4), 150 mM 

NaCl, 1% (w/v) SDS, 1 mM EDTA, 1 mM DTT, and Pierce protease and phosphatase inhibitor 

tablets (cat#: A32961) added immediately before extraction. The tissue was ground in liquid 

nitrogen for no more than 1 minute and then added to the lysis buffer, approximately 500 μL of 

buffer per 1 g of tissue. The ratio of 500 μL per 1 g of tissue allowed for a final protein 

concentration of 2-4 μg/μL. The mixture was then briefly mixed and left on ice for 15 minutes. 

After the mixture was centrifuged at 15,000g for 10 minutes, the supernatant was collected.  

Protocol B: RIPA buffer (used as cell lysis buffer) from Thermofischer (cat#: 89901, lot#: 

AB405091) and Pierce protease and phosphatase inhibitor tablets (cat#: A32961) were added 

before extraction began. The tissue was ground in liquid nitrogen for no more than 1 minute and 

then added to the lysis buffer, approximately 500 μL of buffer per 1 g of tissue. The ratio of 500 

μL per 1 g of tissue allows for a final protein concentration of 2-4 μg/μL. The mixture was then 

sonicated for 10 seconds using the Sonic Dismembrator (Fischer Scientific model 100), followed 

by a 30-second rest period. This cycle of sonication followed by a rest period was repeated three 

times. The mixture was not centrifuged; it was found that centrifugation led to a loss of histones 

within the pellet.  However, protocol B yielded protein concentrations similar to those of 

protocol A. 

Cell lysates obtained using protocols A and B were processed as follows. Cell lysates 

were boiled for 5 mins after the addition of an equal volume of 2X SDS loading buffer (1.25 mM 

Tris-HCl (pH 6.8), 3% (w/v) SDS, 10% (v/v) glycerol, 20 mg/mL Bromophenol Blue 2%, 5% 

(v/v) β-mercaptoethanol) before electrophoresis on an SDS-PAGE gel. The SDS-PAGE gels had 

a 15% acrylamide resolving layer and a 4% acrylamide stacking layer. The gel was 
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electrophoresed at 200V for about 1h, until the bromophenol blue dye was electrophoresed from 

the gel. 

Once the SDS-PAGE gel was electrophoresed, the gel was semi-dry transferred with the 

Trans-Blot Turbo Transfer System (Biorad cat# 1704150) to a nitrocellulose membrane. The blot 

was then stained with Ponceau S (0.5% Ponceau S (w/v) and 5% acetic acid (v/v)) and true color 

imaged using the Azure 400 imager (Azure Biosystems cat#: AZI400-01) to assess transfer 

quality. After staining the blots with Ponceau S, the blots were incubated in 5% (w/v) skim milk 

in Tris-buffered saline (20 mM Tris base, 150 mM NaCl) with Tween-20 (0.1% (v/v); TBST) 

blocking solution for 2 hours at room temperature. The blots were then washed once in TBST 

before being added to 3% (w/v) skim milk TBST blocking solution with primary antibody (anti-

H3, -H3K9ac, or –H3K14ac; Table 2). The primary antibody was added to the 3% (w/v) skim 

milk TBST blocking solution at a 1:1000 dilution. The blot was sealed in plastic bags with the 

primary antibody and incubated at 4°C overnight. After removal from the primary antibody, the 

blot was washed 3 times in TBST for 5 minutes each. The blots were then placed in 3% (w/v) 

skim milk TBST with the secondary antibody (Table 2). The blots were incubated with the 

secondary antibody at room temperature for 1 hour. After secondary antibody incubation, the 

blots were again washed 3 times with TBST for 5 minutes and rinsed with Tris-Buffered Saline 

(20mM Tris base, 150mM NaCl; TBS) to remove residual Tween-20. The blots were then 

imaged by pipetting 300 μL-1 mL of ECL (Froggabio cat#: CCH345-B100ML) on top of the blot 

and imaged in the Azure 400 imager (cat#: AZI400-01), using 2-4-minute UV exposure.  

The immunoblots were imaged by pipetting 300 μL-1 mL of ECL (Froggabio cat#: 

CCH345-B100ML) on top of the blot and imaged in the Azure 400 imager (cat#: AZI400-01), 

using 2-4-minute UV exposure. The blot images were then quantified using the Azure SpotPro 
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software on the Azure 400 imager. The TIFF file version of the image was uploaded to the 

software, where the lanes were selected, and the background was mitigated using Rolling Ball set 

to 6. The software then selected bands and provided both the band volume and area values. 

These values were then used to calculate band intensity (band intensity = band volume / band 

area).  

The proportional protein values for both immunostained test proteins (H3K9 or H3K14 

acetylation) and the immunostained loading control were calculated using the linear models 

described above. Normalization of the test protein levels was completed by dividing the test 

protein (H3K9ac or H3K14ac) proportional protein value by the corresponding immunostained 

loading control (H3) proportional protein value. The normalized ratio of each hypoxic sample 

was divided by the corresponding normalized normoxic ratio (H/N). The H/N ratio represents the 

change in H3K9 and H3K14 acetylation levels in response to hypoxia treatment.  
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Table 3: List of biological replicates, genotypes, and cell lysate protocols. 35S:PGB1 biological 
replicate 3 did not have enough root material to analyze. Pgb1-RNAi line only had 3 biological 
replicates because it was replaced with pgb1-1 in later treatments; pgb1-1 was acquired later. 
Cell lysate protocol A was only utilized for the first biological replicates (excluding pgb1-1). Cell 
lysate protocol B was used for all subsequent replicates. 

Genotype Biological Replicate # Cell Lysate Protocol 
wild type 1 A 
wild type 2 B 
wild type 3 B 
wild type 4 B 
wild type 5 B 

35S:PGB1 1 A 
35S:PGB1 2 B 
35S:PGB1 4 B 
35S:PGB1 5 B 
Pgb1-RNAi 1 A 
Pgb1-RNAi 2 B 
Pgb1-RNAi 3 B 

pgb1-1 1 B 
pgb1-1 2 B 

 

2.4 Data analyses 

 First, a one-tailed t-test was completed to assess whether H3K9ac and H3K14ac fold 

changes were significantly more than one. Normalized fold change values were further assessed 

for statistical significance using an unpaired t-test. The unpaired two-tailed t-test was used to 

compare both H3K9ac and H3K14ac levels between the transgenic lines (Col-0, 35S:PGB1, 

Pgb1-RNAi, and pgb1-1). Then H3K9 and H3K14 acetylation levels were compared with a two-

tailed t-test within the same transgenic line. Finally, H3K9 and H4K14 acetylation levels were 

pooled together within each genotype, then genotypes were again assessed for significance with 

one-tailed t-tests and compared against each other with two-tailed t-tests. 
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3. RESULTS 

3.1. Antibody quality control 

To ensure that selected antibodies specifically detected H3K9 or H3K14 acetylation sites, 

antibody quality control measures were performed. Non-specific binding to other histones or 

other histone acetylation sites would negatively impact the ability of Western blot analysis to 

represent both H3K9 and H3K14 acetylation levels accurately.  

3.1.1. Dot blots 

Dot blots were performed to ensure antibody specificity to either H3K9ac or H3K14ac. All 

primary antibodies tested were monoclonal. Antibodies bind to an epitope 5-8 amino acids long. 

The amino acid sequence surrounding H3K9ac is similar to the sequence surrounding H3K27ac, 

both histone posttranslational modifications (PTMs) share an identical 4 amino acid sequence 

(Figure 3; Chaubet et al., 1992). The sequence similarity surrounding H3K9ac and H3K27ac 

caused some antibodies that detect H3K9ac to also detect H3K27ac (Bock et al., 2011). 

H3K14ac did not share a similar sequence with lysine residues on the H3 N-terminal tail. To 

ensure specific detection, the antibodies were tested using synthetic oligopeptides (described in 

the Materials and Methods). The oligopeptides had approximately a 19 amino acid sequence 

portion of histone H3 with no modifications (oligo-H3) or a single modification added (oligo-

H3K9ac, oligo-H3K14ac, and oligo-H3K27ac) (shown in Table 1). The H3K9ac antibody only 

detected oligo-H3K9ac and did not detect oligo-H3, oligo-H3K14ac, or oligo-H3K27ac peptides 

(Figure 4A). Both H3K14ac antibodies only detected oligo-H3K14ac and did not detect oligo-

H3, oligo-H3K9ac, or oligo-H3K27ac peptides (Figure 4B).  
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Bock et al. (2011) tested specificity of antibodies targeting histone PTMs; some antibodies 

showed cross-reactivity with other histone PTMs, and most were inhibited by additional PTMs 

proximal to the primary one. Additionally, Egelhofer et al. (2011) found that 25% of the 

antibodies raised against various histone modifications failed cross reactivity tests.  Cross-

reactivity to PTMs on other histones or other non-histone proteins can be almost entirely ruled 

out by Western blotting. In this case, because a cell lysate was used, the presence of more than 

one band on the immunoblot would indicate non-specific binding, potentially to both histone and 

non-histone proteins. However, if there was non-specific binding to proteins of a similar size to 

histone H3, differentiating the histone H3 band from the non-specific protein band would prove 

difficult. Subsequent dot blot assays would indicate cross-reactivity in similarly sequenced 

histone PTMs as explained above. However, the dot blot assays performed were not exhaustive, 

as only three histone PTMs were tested for cross-reactivity. To ensure cross-reactivity was 

completely absent, dot blot assays would need to be completed with a larger panel of acetylated 

lysine residues on H3.   

Additionally, other histone PTMs adjacent to the test histone PTM may block antibody 

binding to the epitope. This process is called occlusion. Dot blots utilizing peptides with multiple 

PTMs adjacent to the test histone PTM would need to be used to ensure the antibody detects the 

test histone PTM regardless of adjacent histone PTMs.  
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Figure 3:  Arabidopsis thaliana H3.1 N-terminal sequence with acetyl groups bound to lysine 9, 
14, and 27. The amino acid sequences surrounding H3K9ac and H3K27ac, highlighted in yellow, 
contain an identical 4 amino acid sequence. Created in https://BioRender.com. 
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Figure 4: Oligopeptide dot blot assays determined the specificity of anti-H3K9ac and anti-
H3K14ac antibodies. Oligopeptides used were listed in Table 1 (A) The dot blot assay used 
Abcam cat # ab32129 lot # 1069519-4 at a 1:2000 dilution as the primary antibody and 
Invitrogen cat # 32460 lot # YK375337 at a 1:2000 dilution as the secondary antibody. (B) The 
dot blot in the left panel used Invitrogen cat # MA5-32814 lot # AB4640083A at a 1:2000 
dilution as the primary antibody and Invitrogen cat # 32460 lot # YK375337 at a 1:2000 dilution 
as the secondary antibody. The dot blot assay in the right panel used Abcam cat # AB52946 lot # 
1029948-47 at a 1:2000 dilution as the primary antibody and Invitrogen cat # 32460 lot # 
YK375337 at a 1:2000 dilution as the secondary antibody. The amount of oligopeptide placed on 
the nitrocellulose membrane is indicated on the right. 

 

3.1.2 Linear curves 

Generally, Western blots can be used for both qualitative and quantitative analyses. 

Qualitative Western blot analyses demonstrate significant changes in protein or histone PTM 

levels that are visible to the naked eye. Identification and quantification of subtle changes in 

proteins or histone PTMs required additional steps to ensure that data collected from 

immunoblotting was robust and reproducible (Butler et al., 2019). For quantitative analysis to be 
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possible, the immunoblot band intensities must reflect the amount of histone modification on the 

membrane. One essential step in ensuring reproducible quantitative immunoblotting is the 

creation and use of linear curves.  

Linear curve plots were created to identify a proportional relationship between protein 

loading values and immunoblot signal detection. The curve plots generally consist of three parts: 

undersaturated, linear, and oversaturated. Undersaturation occurs when the band intensity signal 

falls below the detection limits of the chemistry or imaging systems. In contrast, oversaturation 

occurs when the band intensity signal exceeds the detection limits of the chemistry or imaging 

systems (Pillai-Kastoori et al., 2020). The example of a linear curve in Figure 5 shows little 

increase between 2 µg and 4 µg, a linear increase between 4 µg and 8 µg and no further increase 

after 8 µg. The linear region between 4 µg and 8 µg represents the proportional relationship 

between protein on the membrane and band signal intensity. Band intensity is the ratio of band 

volume/band area, and when detection is linear, it represents the amount of protein or histone 

PTM on the membrane. In this experiment, immunoblots were performed to generate a 

proportional linear model representing the relationship between the amount of H3K9 or H3K14 

acetylation on the membrane and band intensity (Figure 6A). Once the linear sections of each 

linear curve were identified (Figure 6B), the corresponding linear equation for anti-H3K9ac 

(Abcam cat# ab32129, lot#1088902-10) was y = 4.17x - 14.33 and the corresponding equation 

for anti-H3K14ac (Abcam cat# ab52946, lot#1029948-53), was y = 2.39x - 11.99.  
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Figure 5: Depiction of the trends in a typical linear curve where band intensity (RFU) is plotted 
against the amount of protein on the membrane (µg). The yellow section represents 
undersaturation, the pink section shows the linear portion of the plot, and the blue section 
represents oversaturation. In this example, the linear range is between 4 µg and 8µg. Created in 
https://BioRender.com. 
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Figure 6: Immunoblot showing H3K9ac and H3K14ac band intensity when an increasing linear 
series of wild type normoxic cell lysate samples were loaded (A). The values above each band 
indicate the band intensity (band intensity = band volume / band area), which was provided by 
the Azure SpotPro quantification software. The wild type normoxic cell lysate loading range was 
between 4 µg and 30 µg for the H3K9ac immunostained blot and between 5 µg and 50 µg for the 
H3K14ac immunostained blot. The primary antibody for the immunoblot in the left panel was 
rabbit anti-H3K9ac, Abcam cat # AB32129 lot # 1088902-6 at a 1:1000 dilution. The secondary 
antibody was Invitrogen goat anti-rabbit cat # 32460 lot # YK375337 at a 1:1000 dilution. The 
primary antibody for the blot on the left was rabbit anti-H3K14ac, Abcam cat # AB52946 lot # 
1029948-53 at a 1:1000 dilution. The secondary antibody was Invitrogen goat anti-rabbit cat # 
32460 lot # YK375337 at a 1:1000 dilution. Froggabio Pico Ultra Western substrate was used to 
image this blot (cat# CCH345). (B) Band intensity values were plotted against the amount of 
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wild type cell lysate loaded on the immunoblot, with the H3K9ac linear curve above and the 
H3K14ac linear curve below. The graphs on the left show the full range of the linear curve, while 
the graphs on the right show the isolated linear range used to create the linear equation. The 
linear range for the H3K9ac antibody was between 5 µg and 20 µg, and the linear range for the 
H3K14ac antibody was between 10 µg and 40 µg. The linear equation for the H3K9ac antibody 
was y = 4.17x - 14.33, and the linear equation for the H3K14ac antibody was y = 2.39x - 11.99. 

 

This proportional linear model provided a numeric cutoff for under and oversaturation in 

further Western blot analysis (described more in the next section). Proportional protein values 

calculated using the linear equations were classified as either outside or within the linear range. 

The linear range of the antibody detecting H3K9ac was between 5 µg and 20 µg of sample lysate 

(Figure 6B). Similarly, the linear range of the antibody detecting H3K14ac was between 10 µg 

and 40 µg (Figure 6B). Any proportional protein values calculated in subsequent immunoblots 

found to be outside the corresponding linear ranges above were removed from further analysis. 

Linear curves were used to determine an acceptable loading range of cell lysate for each 

antibody. The protein value chosen for immunoblot loading was on the lower end of the linear 

range because an increase in H3K9 and H3K14 acetylation was hypothesized to occur during 

hypoxia. For the antibody targeting H3K9ac (Abcam cat# ab32129, lot#1088902-10), the linear 

range was between 5 µg and 20 µg of sample lysate, so a loading amount of 10 µg was chosen. 

For the antibody targeting H3K14ac (Abcam cat# ab52946, lot#1029948-53), the linear range 

was between 10 µg and 40 µg and a loading amount of 25 µg was chosen.  

To ensure equivalent fold change ratios in Western blot analyses, both H3K9ac and H3K14ac 

immunostained signals were normalized using the linear equations described above. The band 

intensity values ascertained from H3K9ac or H3K14ac immunostaining were set as the y-value 

in the corresponding linear equation above. Proportional protein values were then calculated by 
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solving for the x-value (Table 4 and 5). Table 4 displays the band intensity and proportional 

protein values of all immunoblots detecting H3K9ac while Table 5 displays the band intensity 

and proportional protein values of all immunoblots detecting H3K14ac. Both Table 4 and 5 also 

contain the corresponding H3 loading control immunoblot band intensities and proportional 

protein values (described below). Normalization against each linear curve was essential because 

all histone PTMs and the loading control require different protein loading ranges to maintain 

linearity. Comparison of target protein (H3K9 and H3K14 acetylation) band intensities and 

loading control band intensities without normalization caused fold change inflation, which can 

either increase or decrease outlying fold-change values. This generated more variability within 

the dataset emphasizing the necessity of fold change normalization. 
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Table 4: Band intensity values and proportional protein conversions of all immunoblots 
detecting H3K9ac (A, B, C) and the corresponding immunoblots detecting the H3 loading 
control (D, E, F). Band intensity values were converted to proportional protein values by 
utilizing the H3K9ac linear equation y = 4.17x - 14.33 and the H3 linear equation y = 13.01x – 
2.41. The band intensity values were represented by the y-value, and the proportional protein 
value was found by solving for the x-value (i.e. x = (y + 14.33)/ 4.17). 

 

A
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
H3K9ac band 
intensity 61.0 87.0 11.0 45.2 68.4 21.9 27.9 53.0 17.4 52.7
H3K9ac proportional 
protein value (µg) 18.1 24.3 6.1 14.3 19.8 8.7 10.1 16.2 7.6 16.1
H3K9ac band 
intensity 75.4 135.5 7.6 46.8 59.7 35.5 25.6 70.7 21.0 52.6
H3K9ac proportional 
protein value (µg) 21.5 35.9 5.3 14.7 17.8 12.0 9.6 20.4 8.5 16.1

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3K9ac band 
intensity 42.9 38.7 26.6 79.4 98.4 26.2 47.2 21.9 66.7 60.7
H3K9ac proportional 
protein value (µg) 13.7 12.7 9.8 22.5 27.0 9.7 14.8 8.7 19.4 18.0
H3K9ac band 
intensity 38.6 27.3 32.3 53.1 93.2 27.2 45.2 57.7 57.4 79.2
H3K9ac proportional 
protein value (µg) 12.7 10.0 11.2 16.2 25.8 10.0 14.3 17.3 17.2 22.4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3K9ac band 
intensity 58.6 38.5 43.3 15.8 28.0 23.1 4.6 60.8 31.8 62.1
H3K9ac proportional 
protein value (µg) 17.5 12.7 13.8 7.2 10.2 9.0 4.5 18.0 11.1 18.3
H3K9ac band 
intensity 81.6 49.6 50.2 48.9 26.6 37.7 17.0 74.9 32.9 69.5
H3K9ac proportional 
protein value (µg) 23.0 15.3 15.5 15.2 9.8 12.5 7.5 21.4 11.3 20.1

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 5

Technical 
Replicate 6

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3K9ac band 
intensity 36.9 90.8 51.5 60.8 61.1 55.2 3.85 9.5 15.8 35.8
H3K9ac proportional 
protein value (µg) 12.3 25.2 15.8 18.0 18.1 16.7 4.4 5.7 7.2 12.0
H3K9ac band 
intensity 31.4 76.3 88.8 37.0 16.0 52.6 53.3 30.9 24.6 67.7
H3K9ac proportional 
protein value (µg) 11.0 21.7 24.7 12.3 7.3 16.1 16.2 10.8 9.3 19.7

pgb1-1 
Hypoxic

pgb1-1 
Normoxic

Biological Replicate 1

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

Biological Replicate 1

Biological Replicate 2

Biological Replicate 2

Wild Type 
Hypoxic

Wild Type 
Normoxic

Biological Replicate 1 Biological Replicate 2

Biological Replicate 2Biological Replicate 1

Biological Replicate 3

Biological Replicate 3

Biological Replicate 3

35S:PGB1 
Normoxic

35S:PGB1 
Hypoxic
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B
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 6
Technical 

Replicate 7
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 6

H3K9ac band intensity 52.3 41.2 26.6 59.0 27.6 74.9 37.5 52.2 54.5 49.1
H3K9ac proportional 
protein value (µg) 16.0 13.3 9.8 17.6 10.1 21.4 12.4 16.0 16.5 15.2

H3K9ac band intensity 57.7 66.9 50.2 74.1 18.4 69.8 96.9 82.5 68.4 48.9
H3K9ac proportional 
protein value (µg) 17.3 19.5 15.5 21.2 7.9 20.2 26.7 23.2 19.8 15.2

Technical 
Replicate 4

Technical 
Replicate 5

Technical 
Replicate 6

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3K9ac band intensity 64.6 51.8 51.9 49.1 52.1 51.7 68.1
H3K9ac proportional 
protein value (µg) 18.9 15.9 15.9 15.2 15.9 15.8 19.8

H3K9ac band intensity 60.8 77.6 58.4 31.6 49.7 45.3 71.8
H3K9ac proportional 
protein value (µg) 18.0 22.1 17.4 11.0 15.4 14.3 20.7

Technical 
Replicate 4

Technical 
Replicate 5

Technical 
Replicate 6

Technical 
Replicate 7

H3K9ac band intensity 43.4 45.5 19.3 50.7
H3K9ac proportional 
protein value (µg) 13.8 14.4 8.1 15.6

H3K9ac band intensity 59.5 62.2 53.1 47.1
H3K9ac proportional 
protein value (µg) 17.7 18.4 16.2 14.7

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

Biological Replicate 3

Biological Replicate 3

Biological Replicate 3

Biological Replicate 4

Biological Replicate 5

Wild Type 
Normoxic

Wild Type 
Hypoxic

35S:PGB1 
Normoxic

35S:PGB1 
Hypoxic

C
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4

H3K9ac band intensity 51.8 35.5 28.3 59.9
H3K9ac proportional 
protein value (µg) 15.9 12.0 10.2 17.8

H3K9ac band intensity 31.6 32.9 54.2 69.3
H3K9ac proportional 
protein value (µg) 11.0 11.3 16.4 20.1

Biological Replicate 5

Wild Type 
Normoxic

Wild Type 
Hypoxic
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D
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3

H3 band intensity 43.8 85.2 32.3 41.4 75.1 36.4 45.8 47.2 19.5 40.4
H3 proportional 
protein value (µg) 3.5 6.7 2.7 3.4 6.0 3.0 3.7 3.8 1.7 3.3

H3 band intensity 41.8 64.0 33.7 55.7 28.1 42.4 43.2 63.5 12.6 20.2
H3 proportional 
protein value (µg) 3.4 5.1 2.8 4.5 2.3 3.4 3.5 5.1 1.2 1.7

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3 band intensity 82.7 63.6 58.9 48.1 72.6 40.4 44.6 12.4 11.4 60.5
H3 proportional 
protein value (µg) 6.5 5.1 4.7 3.9 5.8 3.3 3.6 1.1 1.1 4.8

H3 band intensity 83.1 82.1 57.7 48.9 84.4 39.4 45.9 22.7 65.1 66.9
H3 proportional 
protein value (µg) 6.6 6.5 4.6 3.9 6.7 3.2 3.7 1.9 5.2 5.3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3 band intensity 102.8 58.9 88.1 28.5 38.9 87.4 39.5 56.8 7.4 17.9
H3 proportional 
protein value (µg) 8.1 4.7 7.0 2.4 3.2 6.9 3.2 4.6 0.8 1.6

H3 band intensity 111.1 29.7 93.0 45.1 17.4 60.5 44.6 60.2 8.1 23.9
H3 proportional 
protein value (µg) 8.7 2.5 7.3 3.7 1.5 4.8 3.6 4.8 0.8 2.0

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 5

Technical 
Replicate 6

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3 band intensity 25.7 74.5 72.6 77.3 40.0 36.0 23.8 26.4 26.0 60.1
H3 proportional 
protein value (µg) 2.2 5.9 5.8 6.1 3.3 3.0 2.0 2.2 2.2 4.8

H3 band intensity 19.4 23.6 92.1 37.0 8.1 4.2 39.7 31.5 15.8 47.3
H3 proportional 
protein value (µg) 1.7 2.0 7.3 3.0 0.8 0.5 3.2 2.6 1.4 3.8

Biological Replicate 1

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

Wild Type 
Hypoxic

35S:PGB1 
Normoxic

35S:PGB1 
Hypoxic

Wild Type 
Normoxic

pgb1-1 
Normoxic

pgb1-1 
Hypoxic

Biological Replicate 1 Biological Replicate 2 Biological Replicate 3

Biological Replicate 1 Biological Replicate 2 Biological Replicate 4

Biological Replicate 1 Biological Replicate 2 Biological Replicate 3

Biological Replicate 2
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E
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 6
Technical 

Replicate 7
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 6

H3 band intensity 38.8 29.1 33.2 23.1 22.2 64.7 70.7 45.7 33.1 20.2
H3 proportional 
protein value (µg) 3.2 2.4 2.7 2.0 1.9 5.2 5.6 3.7 2.7 1.7

H3 band intensity 26.9 40.1 43.0 21.7 34.4 34.8 74.6 59.1 50.8 35.9
H3 proportional 
protein value (µg) 2.3 3.3 3.5 1.9 2.8 2.9 5.9 4.7 4.1 2.9

Technical 
Replicate 4

Technical 
Replicate 5

Technical 
Replicate 6

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3 band intensity 78.6 23.5 20.2 36.1 25.7 40.2 48.5
H3 proportional 
protein value (µg) 6.2 2.0 1.7 3.0 2.2 3.3 3.9

H3 band intensity 61.0 18.9 36.0 36.0 31.9 36.8 66.4
H3 proportional 
protein value (µg) 4.9 1.6 3.0 2.9 2.6 3.0 5.3

 
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 6
Technical 

Replicate 7

H3 band intensity 57.4 25.3 17.7 5.4
H3 proportional 
protein value (µg) 4.6 2.1 1.5 0.6

H3 band intensity 69.4 39.6 20.9 7.8
H3 proportional 
protein value (µg) 5.5 3.2 1.8 0.8

Biological Replicate 3 Biological Replicate 4

Biological Replicate 5

Biological Replicate 3

Biological Replicate 3

Wild Type 
Normoxic

Wild Type 
Hypoxic

35S:PGB1 
Normoxic

35S:PGB1 
Hypoxic

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

F
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4

H3 band intensity 46.3 26.2 32.7 47.0
H3 proportional 
protein value (µg) 3.7 2.2 2.7 3.8

H3 band intensity 23.8 27.4 22.8 52.3
H3 proportional 
protein value (µg) 2.0 2.3 1.9 4.2

Wild Type 
Normoxic

Wild Type 
Hypoxic

Biological Replicate 5
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Table 5: Band intensity values and proportional protein conversions of all immunoblots 
detecting H3K14ac (A, B) and the corresponding immunoblots detecting the H3 loading control 
(C, D). Band intensity values were converted to proportional protein values by utilizing the 
H3K14ac linear equation y = 2.39x - 11.99 and the H3 linear equation y = 13.01x - 2.41. The 
band intensity values were represented by the y-value, and the proportional protein value was 
found by solving for the x-value (i.e. x = (y + 11.99)/ 2.39). 

 

A
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 5
Technical 

Replicate 6
H3K14ac band 
intensity 13.4 28.6 34.3 37.1 18.1 67.2 24.1 36.5
H3K14ac proportional 
protein value (µg) 10.6 17.0 19.4 20.6 12.6 33.2 15.1 20.3
H3K14ac band 
intensity 30.5 52.1 52.8 45.9 12.4 55.2 11.1 64
H3K14ac proportional 
protein value (µg) 17.8 26.9 27.2 24.3 10.2 28.2 9.7 31.8

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3K14ac band 
intensity 65.4 49.7 35.9 49.3 92.6 49.2 36.2
H3K14ac proportional 
protein value (µg) 32.4 25.9 20.1 25.7 43.8 25.6 20.2
H3K14ac band 
intensity 65.8 85.1 43.3 54.2 79.4 30.8 45.9
H3K14ac proportional 
protein value (µg) 32.6 40.7 23.2 27.7 38.3 17.9 24.3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3K14ac band 
intensity 11.3 75.0 35.0 19.4 22.4 62.1 59.0
H3K14ac proportional 
protein value (µg) 9.8 36.5 19.7 13.2 14.4 31.1 29.8
H3K14ac band 
intensity 18.3 99.1 45.4 33.0 33.5 87.3 70.4
H3K14ac proportional 
protein value (µg) 12.7 46.6 24.0 18.9 19.1 41.6 34.5

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3K14ac band 
intensity 34.3 81.2 10.3 7.4 5.3 6.5 8.8
H3K14ac proportional 
protein value (µg) 19.4 39.1 9.3 8.1 7.2 7.7 8.7
H3K14ac band 
intensity 21.9 62.8 20.5 4.4 3.5 72.2 15.5
H3K14ac proportional 
protein value (µg) 14.2 31.3 13.6 6.9 6.5 35.3 11.5

pgb1-1 
Hypoxic

Wild Type 
Normoxic

Wild Type 
Hypoxic

35S:PGB1 
Hypoxic

35S:PGB1 
Normoxic

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

pgb1-1 
Normoxic

Biological Replicate 2

Biological Replicate 1 Biological Replicate 2

Biological Replicate 1

Biological Replicate 1

Biological Replicate 1 Biological Replicate 2

Biological Replicate 2
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B
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3

H3K14ac band intensity 6.9 61.2 31 2.2 3.0 48.4 18.7
H3K14ac proportional 
protein value (µg) 7.9 30.7 18.0 5.9 6.3 25.3 12.9

H3K14ac band intensity 7.4 14.6 17.7 31.3 5.4 57.5 28
H3K14ac proportional 
protein value (µg) 8.1 11.1 12.4 18.1 7.3 29.1 16.8

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3K14ac band intensity 83.6 29.8 2.0 9.9 60.9 61.3 49.8
H3K14ac proportional 
protein value (µg) 40.1 17.5 5.9 9.2 30.5 30.7 25.9

H3K14ac band intensity 82.7 19.7 3.6 11.4 86.6 64 60.7
H3K14ac proportional 
protein value (µg) 39.7 13.3 6.5 9.8 41.3 31.8 30.5

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3K14ac band intensity 32.1 37.8 10.8
H3K14ac proportional 
protein value (µg) 18.5 20.9 9.6

H3K14ac band intensity 16.1 51.7 6.9
H3K14ac proportional 
protein value (µg) 11.8 26.7 7.9

35S:PGB1 
Hypoxic

Biological Replicate 4

Biological Replicate 3 Biological Replicate 5

Biological Replicate 3

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

Wild Type 
Normoxic

Wild Type 
Hypoxic

35S:PGB1 
Normoxic

Biological Replicate 5
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C
Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 5

Technical 
Replicate 6

H3 band intensity 43.8 85.2 20.2 41.4 32.3 75.1 36.4 45.8
H3 proportional 
protein value (µg) 3.5 6.7 1.7 3.4 2.7 6.0 3.0 3.7

H3 band intensity 41.8 64.0 31.9 55.7 33.7 28.1 42.4 43.2
H3 proportional 
protein value (µg) 3.4 5.1 2.6 4.5 2.8 2.3 3.4 3.5

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3 band intensity 82.7 63.6 63.6 48.1 72.6 40.4 44.6
H3 proportional 
protein value (µg) 6.5 5.1 5.1 3.9 5.8 3.3 3.6

H3 band intensity 83.1 82.1 82.1 48.9 84.4 39.4 45.9
H3 proportional 
protein value (µg) 6.6 6.5 6.5 3.9 6.7 3.2 3.7

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3 band intensity 88.1 83.7 58.9 28.5 38.9 87.4 39.5
H3 proportional 
protein value (µg) 7.0 6.6 4.7 2.4 3.2 6.9 3.2

H3 band intensity 93.0 64.4 29.7 45.1 17.4 60.5 44.6
H3 proportional 
protein value (µg) 7.3 5.1 2.5 3.7 1.5 4.8 3.6

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3 band intensity 74.5 72.6 40.0 36.0 23.8 26.4 26.0
H3 proportional 
protein value (µg) 5.9 5.8 3.3 3.0 2.0 2.2 2.2

H3 band intensity 23.6 92.1 8.1 4.2 39.7 31.5 15.8
H3 proportional 
protein value (µg) 2.0 7.3 0.8 0.5 3.2 2.6 1.4

pgb1-1 
Hypoxic

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

35S:PGB1 
Normoxic

35S:PGB1 
Hypoxic

Biological Replicate 1

pgb1-1 
Normoxic

Wild Type 
Hypoxic

Wild Type 
Normoxic

Biological Replicate 1

Biological Replicate 2

Biological Replicate 2

Biological Replicate 1 Biological Replicate 2

Biological Replicate 1 Biological Replicate 2
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A loading control was the last measure used to ensure accurate and reproducible data. 

Without the inclusion of a loading control, neither qualitative nor quantitative arguments are 

possible (Pillai-Kastoori et al., 2020). The loading control functioned as a reference to compare 

changes in H3K9ac and H3K14ac levels between normoxic and hypoxic samples. This was an 

appealing option because it allowed for a correlation to be made between the amount of H3 in 

the sample and both H3K9ac and H3K14ac. However, this option was not perfect because both 

the target protein and the loading control had to be detected on separate blots, which introduced 

variation.  

A linear curve was also created for the anti-histone H3 loading control (Figure 7). The 

corresponding linear equation for the loading control anti-H3 (Abcam cat # ab10799, 

D
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3
Technical 

Replicate 4
Technical 

Replicate 1
Technical 

Replicate 2
Technical 

Replicate 3

H3 band intensity 40.4 38.8 29.1 23.1 46.3 26.2 32.7
H3 proportional 
protein value (µg) 3.3 3.2 2.4 2.0 3.7 2.2 2.7

H3 band intensity 20.2 26.9 40.1 21.7 23.8 27.4 22.8
H3 proportional 
protein value (µg) 1.7 2.3 3.3 1.9 2.0 2.3 1.9

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

Technical 
Replicate 4

H3 band intensity 60.5 23.5 20.2 36.1 25.7 40.2 48.5
H3 proportional 
protein value (µg) 4.8 2.0 1.7 3.0 2.2 3.3 3.9

H3 band intensity 66.9 18.9 36.0 36.0 31.9 36.8 66.4
H3 proportional 
protein value (µg) 5.3 1.6 3.0 2.9 2.6 3.0 5.3

Technical 
Replicate 1

Technical 
Replicate 2

Technical 
Replicate 3

H3 band intensity 87.3 57.4 25.3
H3 proportional 
protein value (µg) 6.9 4.6 2.1

H3 band intensity 82.6 69.4 39.6
H3 proportional 
protein value (µg) 6.5 5.5 3.2

Wild Type 
Normoxic

Wild Type 
Hypoxic

35S:PGB1 
Normoxic

35S:PGB1 
Hypoxic

Pgb1-RNAi 
Normoxic

Pgb1-RNAi 
Hypoxic

Biological Replicate 3 Biological Replicate 5

Biological Replicate 4 Biological Replicate 5

Biological Replicate 3
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lot#1084399-8) was y = 13.01x - 2.41 and the linear range was between 1 µg and 6 µg of sample 

lysate. For this experiment, 3 µg was the protein loading amount used (Figure 7). The band 

intensity values ascertained from each H3 loading control immunoblot were used as the y-value 

in the equation above to calculate proportional protein values and solved for the x-value (Tables 

1 and 2). Each H3 band intensity value to proportional protein value conversion is paired to 

specific H3K9ac and H3K14ac blots indicated in Tables 1 and 2. 

 

Figure 7: Immunoblot showing H3 band intensity when an increasing linear series of wild type 
normoxic cell lysate sample was loaded (A). The values above each band indicate the band 
intensity (band intensity = band volume / band area) which was provided by the Azure SpotPro 
quantification software. The wild type normoxic cell lysate loading range was between 0.5 µg 
and 10 µg for the blot detecting H3. The primary antibody was mouse anti-H3, Abcam cat # 
AB10799 lot #1084399-8 at a 1:1000 dilution. The secondary antibody was Invitrogen goat anti-
mouse cat # 31430 lot # YD375335 at a 1:50000 dilution. Froggabio Pico Ultra Western 
substrate was used to image this blot (cat# CCH345). (B) Band intensity values plotted against 
amount of wild type cell lysate with the H3 linear curve. The graph on the top contains all 
intensity values from the linear curve. The graph on the bottom contains the isolated linear range 
which was used to create the linear equation. The linear range for the H3 antibody was between 1 
µg and 6 µg. The linear equation for the H3 antibody was y = 13.01x – 2.41. 
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3.2. Western blot analysis 

3.2.1. H3K9 and H3K14 acetylation response to hypoxia 

Nitric oxide, known to accumulate during hypoxia (Hebelstrup et al., 2012), increases 

histone acetylation at H3K9 and H3K14 through deactivation of specific HDACs in the class I 

RPD3-type family (Mengel et al., 2017; Ageeva-Kieferle et al., 2019). HDA6 showed decreased 

activity upon S-nitrosylation, leading to increased H3K9 and H3K14 acetylation (Ageeva-

Kieferle et al., 2021). In contrast, deactivation of HDA19 through S-nitrosylation caused no 

major change in H3K9 or H3K14 acetylation (Zheng et al., 2023). To gain an understanding of 

how hypoxia impacted H3K9 and H3K14 acetylation levels, immunoblotting using anti-H3K9ac 

and H3K14ac antibodies was performed on cell lysates from root tips of Arabidopsis thaliana 

(Col-0). 

Sample immunoblots are shown in Figure 8, comparing the converted proportional protein 

values under normoxia or hypoxia for H3 (used as the loading control to normalize the hypoxia 

(H)/normoxia (N) fold changes), H3K9ac, and H3K14ac. Normalized (H/N) fold changes of the 

five (H3K9ac) or four (H3K14ac) biological replicates, each comprising several technical 

replicates, utilized in this study are listed in Table 6 (H3K9ac) and Table 7 (H3K14ac). Some 

technical replicates (in bold) were not utilized for the analyses, as the calculated proportional 

protein values from the corresponding immunoblot band intensities were outside the linear range 

of detection (technical replicate 2 of biological replicate 1 for H3K9ac, and technical replicate 1 

of biological replicates 3 and 5 for H3K14ac). As shown in Table 6, the (H/N) fold change values 

for H3K9ac were 1.22, 1.24, 1.36, 1.13 and 1.37 for biological replicates 1, 2, 3, 4, and 5.  For 

H3K14ac, the (H/N) fold change values were 1.90, 1.17, 1.41, and 1.48 for biological replicates 

1, 2, 3, and 5 (Table 7). The antibody used to detect H3K14ac required double the amount of 
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protein sample as the antibody used to detect H3K9ac. To ensure effective detection and 

quantification, biological replicate 4 was immunostained only with antibodies against H3K9ac. 

The averaged (H/N) fold change for H3K9ac was 1.27, while the average fold change value for 

H3K14ac was 1.39 (Table 8). One-sided t-tests were performed to understand whether each 

(H/N) fold change was greater than 1, as 1 represents no change in global H3K9 or H3K14 

acetylation levels due to hypoxia. The p-value of all wild type replicates immunostained for 

H3K9ac was 0.01, and the p-value for all wild type replicates immunostained for H3K14ac was 

0.06 (Table 8). 

 

Figure 8: Immunoblots showing H3, H3K9ac and H3K14ac levels in root tips of Arabidopsis 
thaliana (Col-0) plants exposed to normoxia (N) or hypoxia (H) for 12 hours. The sample used 
was wild type technical replicate 1 of biological replicate 1. The Ponceau S-stained blot of WT 
normoxic and hypoxic cell lysates (left panels), and the accompanying blot immunostained with 
antibodies against the H3 loading control (A), H3K9ac (B), and H3K14ac (C) are shown (right 
panels). Abcam mouse anti-H3 (cat# 10799) primary antibody and Invitrogen goat anti-mouse 
(cat# 31430) were used for the H3 blot. Abcam rabbit anti-H3K9ac (cat# ab32129) primary 
antibody and Invitrogen goat anti-rabbit secondary (cat# 32460) were used for the H3K9ac blot. 
(Invitrogen rabbit anti-H3K14ac (cat# MA5-32814) primary antibody and an Invitrogen goat 
anti-rabbit (cat# 32460) secondary antibody were used for the H3K14ac blot. Froggabio Pico 
ECL (cat# CCH345-B100ML) was used for the H3 blot, while Revvity ECL (cat# 
NEL105001EA) was used for the H3K9ac and H3K14ac blots. The values above each band 
represent the proportional protein value (µg) calculated by converting band intensities through 
the linear model generated for each antibody in the last chapter.  
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Table 6: H3K9ac fold change levels in root tips of wild type Arabidopsis plants (Col-0) exposed 
to normoxia (N) or hypoxia (H). The proportional protein values (µg) were calculated using the 
linear curve equations described in the previous chapter. The H3K9ac proportional protein value 
was normalized for loading using the corresponding H3 proportional protein value (H3K9ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of normalized hypoxia-treated sample to normalized normoxic-
treated sample. Standard deviation is indicated with SD and standard error mean is indicated 
with SEM. The n-value represents the number of technical replicates per biological replicate. 
Bolded values indicate protein levels that are outside of the preestablished linear ranges for both 
the test antigen and the loading control as defined in the previous section. If deemed outside of 
the linear range, the fold changes were removed from further analysis. Experiments were 
conducted on several technical replicates per biological replicate.  
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H3K9ac

H3K9ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K9ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
WT N tech rep 1 18.1 3.5 5.2
WT H tech rep 1 21.5 3.4 6.3 1.22
WT N tech rep 2 24.3 6.7 3.6
WT H tech rep 2 35.9 5.1 7.0 1.94
Biological Replicate 2
WT N tech rep 1 6.1 2.7 2.3
WT H tech rep 1 5.3 2.8 1.9 0.84
WT N tech rep 2 14.3 3.4 4.2
WT H tech rep 2 14.7 4.5 3.3 0.78
WT N tech rep 3 19.8 6.0 3.3
WT H tech rep 3 17.8 2.3 7.7 2.35
WT N tech rep 4 8.7 3.0 2.9
WT H tech rep 4 12.0 3.4 3.5 1.22
WT N tech rep 5 10.1 3.7 2.7
WT H tech rep 5 9.6 3.5 2.7 1.00
Biological Replicate 3
WT N tech rep 1 16.2 3.8 4.3
WT H tech rep 1 20.4 5.1 4.0 0.94
WT N tech rep 2 7.6 1.7 4.5
WT H tech rep 2 8.5 1.2 7.1 1.58
WT N tech rep 3 16.1 3.3 4.9
WT H tech rep 3 16.1 1.7 9.5 1.94
WT N tech rep 4 16.0 3.2 5.0
WT H tech rep 4 17.3 2.3 7.5 1.50
WT N tech rep 5 13.3 2.4 5.5
WT H tech rep 5 19.5 3.3 5.9 1.07
WT N tech rep 6 9.8 2.7 3.6
WT H tech rep 6 15.5 3.5 4.4 1.22
WT N tech rep 7 17.6 2.0 8.8
WT H tech rep 7 21.2 1.9 11.2 1.27
Biological Replicate 4
WT N tech rep 1 10.1 1.9 5.3
WT H tech rep 1 7.9 2.8 2.8 0.53
WT N tech rep 2 21.4 5.2 4.1
WT H tech rep 2 20.2 2.9 7.0 1.69
WT N tech rep 3 12.4 5.6 2.2
WT H tech rep 3 26.7 5.9 4.5 2.04
WT N tech rep 4 16.0 3.7 4.3
WT H tech rep 4 23.2 4.7 4.9 1.14
WT N tech rep 5 16.5 2.7 6.1
WT H tech rep 5 19.8 4.1 4.8 0.79
WT N tech rep 6 15.2 1.7 8.9
WT H tech rep 6 15.2 2.9 5.2 0.59
Biological Replicate 5
WT N tech rep 1 15.9 3.7 4.3
WT H tech rep 1 11.0 2.0 5.5 1.28
WT N tech rep 2 12.0 2.2 5.5
WT H tech rep 2 11.3 2.3 4.9 0.90
WT N tech rep 3 10.2 2.7 3.8
WT H tech rep 3 16.4 1.9 8.6 2.28
WT N tech rep 4 17.8 3.8 4.7
WT H tech rep 4 20.1 4.2 4.8 1.02

1.13 6 0.63 0.26

1.37 4 0.63 0.31

5 0.64 0.29

1.36 7 0.34 0.13

1.22 1 - -

1.24
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Table 7: H3K14ac fold change levels in root tips of wild type Arabidopsis plants (Col-0) 
exposed to normoxia (N) or hypoxia (H). The proportional protein values (µg) were calculated 
using the linear curve equations described in the previous chapter. The H3K14ac proportional 
protein value was normalized for loading using the corresponding H3 proportional protein value 
(H3K14ac proportional protein value / H3 proportional protein value). The (H/N) fold changes 
were calculated by generating a ratio of normalized hypoxia-treated sample to normalized 
normoxic-treated sample. Standard deviation is indicated with SD and standard error mean is 
indicated with SEM. The n-value represents the number of technical replicates per biological 
replicate. Bolded values indicate protein levels that are outside of the preestablished linear ranges 
for both the test antigen and the loading control as defined in the previous section. If deemed 
outside of the linear range, the fold changes were removed from further analysis. Experiments 
were conducted on several technical replicates per biological replicate. 

 

 

 

H3K14ac

H3K14ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K14ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
WT N tech rep 1 10.6 3.5 3.0
WT H tech rep 1 17.8 3.4 5.2 1.73
WT N tech rep 2 17.0 6.7 2.5
WT H tech rep 2 26.9 5.1 5.3 2.08
Biological Replicate 2
WT N tech rep 1 19.4 1.7 11.4
WT H tech rep 1 27.2 2.6 10.5 0.92
WT N tech rep 2 20.6 3.4 6.1
WT H tech rep 2 24.3 4.5 5.4 0.89
WT N tech rep 3 12.6 2.7 4.7
WT H tech rep 3 10.2 2.8 3.6 0.78
WT N tech rep 4 33.2 6.0 5.5
WT H tech rep 4 28.2 2.3 12.3 2.22
WT N tech rep 5 15.1 3.0 5.0
WT H tech rep 5 9.7 3.4 2.9 0.57
WT N tech rep 6 20.3 3.7 5.5
WT H tech rep 6 31.8 3.5 9.1 1.66
Biological Replicate 3
WT N tech rep 1 7.9 3.3 2.4
WT H tech rep 1 8.1 1.7 4.8 1.99
WT N tech rep 2 30.7 3.2 9.6
WT H tech rep 2 11.1 2.3 4.8 0.50
WT N tech rep 3 18.0 2.4 7.5
WT H tech rep 3 12.4 3.3 3.8 0.50
WT N tech rep 4 5.9 2.0 3.0
WT H tech rep 4 18.1 1.9 9.5 3.23
Biological Replicate 5
WT N tech rep 1 6.3 3.7 1.7
WT H tech rep 1 7.3 2.0 3.7 2.14
WT N tech rep 2 25.3 2.2 11.5
WT H tech rep 2 29.1 2.3 12.7 1.10
WT N tech rep 3 12.9 2.7 4.8
WT H tech rep 3 16.8 1.9 8.8 1.85

1.41 3 1.57 0.91

1.48 2 0.53 0.38

1.90 2 0.25 0.18

1.17 6 0.73 0.30
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Table 8: One-tailed t-test to assess whether (H/N) fold changes for each line (WT, 35S:PGB1, 
Pgb1-RNAi, and pgb1-1) at H3K9ac (A) or H3K14ac (B) were statistically greater than 1. All 
biological and technical replicates were combined for each given line and histone PTM listed 
below. The n-value represents the number of replicates included in each group and SD represents 
standard deviation. 

 

 

3.2.2. Phytoglobin1 deregulation affects H3K9 and H3K14 acetylation 

To assess the effects of the NO scavenger Phytoglobin 1 (Pgb1) on H3K9 and H3K14 

acetylation levels, three previously characterized lines were used: the 35S:PGB1 line, the Pgb1-

RNAi line, and the pgb1-1 line. The 35S:Pgb1 line constitutively expresses PGB1; the 

expression level of PGB1 was about 2 times higher relative to WT and this increase results in an 

elevation of the Pgb1 protein (Hartman et al., 2019; Mira et al., 2023b). Compared to WT, Pgb1 

protein levels were decreased by about half in the Pgb1-RNAi line (Mira et al., 2023b) and 

completely abolished in the pgb1-1 line harboring a T-DNA insertion around 300 bp upstream 

from the PGB1 start codon (Hartman et al., 2019). A sample of immunoblotting detecting H3, 

H3K9ac, and H3K14ac in the three lines is shown in Figure 9.   

A
significant (>0.05) H3K9ac n Average SD p-value

WT 23 1.27 0.51 0.01
35S:PGB1 15 0.92 0.35 0.19
Pgb1-RNAi 10 1.47 0.51 0.01

pgb1-1 8 2.21 1.41 0.02

B
H3K14ac n Average SD p-value

WT 13 1.39 0.82 0.06
35S:PGB1 10 1.01 0.16 0.41
Pgb1-RNAi 7 1.7 0.69 0.02

pgb1-1 5 2.92 2.00 0.05
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In the 35S:PGB1 line, the (H/N) fold change values for H3K9ac were 0.89, 0.90, 1.01, 

and 0.82 for biological replicates 1, 2, 4, and 5, respectively (Table 9) while those for H3K14ac 

were 1.07, 0.99, 0.92, and 1.05 (Table 10). In H3K9ac, 2 technical replicates were omitted due to 

oversaturation, one each from biological replicates 1 and 2. In H3K14ac, 4 technical replicates 

were omitted due to the out-of-range proportional protein values, one from each biological 

replicate. Biological replicate 3 was treated but not used for analysis because too little sample 

tissue was collected. The averaged (H/N) fold change across all replicates was 0.92 for H3K9ac 

and 1.01 for H3K14ac (Table 8). One-sided t-tests analyzed whether each data set was more than 

one provided a p-value of 0.19 for H3K9ac and a p-value of 0.41 for H3K14ac (Table 8).  

Two of the three biological replicates used for the Pgb1-RNAi line exhibited larger (H/N) 

fold change values for H3K9ac than wild type, i.e., 1.82 and 1.83, whereas the third replicate 

showed a value of 1.11 (Table 11). The averaged H3K9ac (H/N) fold change in response to 

hypoxia was 1.47 (Table 8). In the same line, the H3K14ac (H/N) fold change were 1.28, 1.90, 

and 2.35 for three biological replicates, with the average of all replicates as 1.70 (Table 12, Table 

8). Three biological replicates were used for the Pgb1-RNAi line because the pgb1-1 line was 

used in subsequent treatments after it was acquired. One-sided t-tests to assess whether the (H/N) 

fold change in response to hypoxia was greater than one gave p-values of 0.01 for H3K9ac and 

0.02 for H3K14ac (Table 8). 

Relative to the 35S:PGB1 and Pgb1-RNAi lines, hypoxia increased both H3K9ac and 

H3K14ac in the pgb1-1 line. The (H/N) fold change values for the pgb1-1 line were 2.43 and 

1.99 for H3K9ac (Table 13) 2.89 and 2.97 for H3K14ac (Table 14). The averaged fold changes 

across both biological replicates were 2.21 for H3K9ac and 2.92 for H3K14ac. The p-values of 

the one-sided t-tests determining whether (H/N) fold change values were more than 1 were 0.02 
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for H3K9ac and 0.05 for H3K14ac (Table 8). Unfortunately, only two biological replicates were 

used for this experiment, because the line was obtained later. A graph summarizing the averaged 

(H/N) fold changes across biological and technical replicates of all Arabidopsis thaliana lines 

utilized in this study shows the highest values in the pgb1-1 line (Figure 10).  
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Figure 9: Immunoblots showing H3, H3K9ac and H3K14ac levels in root tips of the 35S:PGB1 
line, the Pgb1-RNAi line and the pgb1-1 line exposed to normoxia (N) or hypoxia (H) for 12 
hours. The sample used for the 35S:PGB1 line was technical replicate 4 of biological replicate 2, 
the sample used for the Pgb1-RNAi line was technical replicate 2 of biological replicate 2, and 
the sample used for the pgb1-1 line was technical replicate 6 for H3K9ac and technical replicate 
1 for H3K14ac of biological replicate 1. The Ponceau S-stained blot of 35S:PGB1 (A), Pgb1-
RNAi (B), and pgb1-1 line (C,D) normoxic and hypoxic cell lysates (left panels), and the 
accompanying blot immunostained with antibodies against the H3 loading control, H3K9ac, and 
H3K14ac are shown (right panels). Abcam mouse anti-H3 (cat# 10799) primary antibody and 
Invitrogen goat anti-mouse (cat# 31430) were used for the H3 blot. Abcam rabbit anti-H3K9ac 
(cat# ab32129) primary antibody and Invitrogen goat anti-rabbit secondary (cat# 32460) were 
used for the H3K9ac blot. (Invitrogen rabbit anti-H3K14ac (cat# MA5-32814) primary antibody 
and an Invitrogen goat anti-rabbit (cat# 32460) secondary antibody were used for the H3K14ac 
blot. Froggabio Pico ECL (cat# CCH345-B100ML) was used for all immunoblots. The values 
above each band represent the proportional protein value (µg) calculated by converting band 
intensities through the linear model generated for each antibody in the last chapter.  
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Table 9: H3K9ac fold change levels in root tips of the 35S:PGB1 line exposed to normoxia (N) 
or hypoxia (H). The proportional protein values (µg) were calculated using the linear curve 
equations described in the previous chapter. The H3K9ac proportional protein value was 
normalized for loading using the corresponding H3 proportional protein value (H3K9ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of normalized hypoxia-treated sample to normalized normoxic-
treated sample. Standard deviation is indicated with SD and standard error mean is indicated 
with SEM. The n-value represents the number of technical replicates per biological replicate. 
Bolded values indicate protein levels that are outside the preestablished linear ranges for the test 
antigen and the loading control, as defined in the previous section. If deemed outside of the 
linear range, the (H/N) fold changes were removed from further analysis. Experiments were 
conducted on several technical replicates of per biological replicate. 

 
 

H3K9ac

H3K9ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K9ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
35S:PGB1 N tech rep 1 13.7 6.5 2.1
35S:PGB1 H tech rep 1 12.7 6.6 1.9 0.92
35S:PGB1 N tech rep 2 12.7 5.1 2.5
35S:PGB1 H tech rep 2 10.0 6.5 1.5 0.61
35S:PGB1 N tech rep 3 9.8 4.7 2.1
35S:PGB1 H tech rep 3 11.2 4.6 2.4 1.16
Biological Replicate 2
35S:PGB1 N tech rep 1 22.5 3.9 5.8
35S:PGB1 H tech rep 1 16.2 3.9 4.1 0.71
35S:PGB1 N tech rep 2 27.0 5.8 4.7
35S:PGB1 H tech rep 2 25.8 6.7 3.9 0.83
35S:PGB1 N tech rep 3 9.7 3.3 3.0
35S:PGB1 H tech rep 3 10.0 3.2 3.1 1.05
35S:PGB1 N tech rep 4 14.8 3.6 4.1
35S:PGB1 H tech rep 4 14.3 3.7 3.8 0.94
Biological Replicate 4
35S:PGB1 N tech rep 1 8.7 1.1 7.6
35S:PGB1 H tech rep 1 17.3 1.9 9.0 1.17
35S:PGB1 N tech rep 2 19.4 1.1 18.3
35S:PGB1 H tech rep 2 17.2 5.2 3.3 0.18
35S:PGB1 N tech rep 3 18.0 4.8 3.7
35S:PGB1 H tech rep 3 22.4 5.3 4.2 1.13
35S:PGB1 N tech rep 4 18.9 6.2 3.0
35S:PGB1 H tech rep 4 18.0 4.9 3.7 1.22
35S:PGB1 N tech rep 5 15.9 2.0 8.0
35S:PGB1 H tech rep 5 22.1 1.6 13.4 1.69
35S:PGB1 N tech rep 6 15.9 1.7 9.1
35S:PGB1 H tech rep 6 17.4 3.0 5.9 0.65
Biological Replicate 5
35S:PGB1 N tech rep 1 15.2 3.0 5.1
35S:PGB1 H tech rep 1 11.0 2.9 3.8 0.74
35S:PGB1 N tech rep 2 15.9 2.2 7.4
35S:PGB1 H tech rep 2 15.4 2.6 5.8 0.79
35S:PGB1 N tech rep 3 15.8 3.3 4.8
35S:PGB1 H tech rep 3 14.3 3.0 4.8 0.98
35S:PGB1 N tech rep 4 19.8 3.9 5.1
35S:PGB1 H tech rep 4 20.7 5.3 3.9 0.77

0.82 4 0.11 0.05

1.01 6 0.52 0.21

0.89 2 0.39 0.27

0.90 3 0.17 0.10
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Table 10: H3K14ac fold change levels in root tips of the 35S:PGB1 line exposed to normoxia 
(N) or hypoxia (H). The proportional protein values (µg) were calculated using the linear curve 
equations described in the previous chapter. The H3K14ac proportional protein value was 
normalized for loading using the corresponding H3 proportional protein value (H3K14ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of the normalized hypoxia-treated sample to the normalized 
normoxic-treated sample. Standard deviation is indicated with SD and standard error mean is 
indicated with SEM. The n-value represents the number of technical replicates per biological 
replicate. Bolded values indicate protein levels that are outside the preestablished linear ranges 
for the test antigen and the loading control, as defined in the previous section. If deemed outside 
of the linear range, the (H/N) fold changes were removed from further analysis. Experiments 
were conducted on several technical replicates per biological replicate. 

 
 

 

 

H3K14ac

H3K14ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K14ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
35S:PGB1 N tech rep 1 32.4 6.5 5.0
35S:PGB1 H tech rep 1 32.6 6.6 4.9 0.99
35S:PGB1 N tech rep 2 25.9 5.1 5.1
35S:PGB1 H tech rep 2 40.7 6.5 6.3 1.23
35S:PGB1 N tech rep 3 20.1 5.1 3.9
35S:PGB1 H tech rep 3 23.2 6.5 3.6 0.91
Biological Replicate 2
35S:PGB1 N tech rep 1 25.7 3.9 6.6
35S:PGB1 H tech rep 1 27.7 3.9 7.1 1.08
35S:PGB1 N tech rep 2 43.8 5.8 7.6
35S:PGB1 H tech rep 2 38.3 6.7 5.7 0.76
35S:PGB1 N tech rep 3 25.6 3.3 7.8
35S:PGB1 H tech rep 3 17.9 3.2 5.6 0.72
35S:PGB1 N tech rep 4 20.2 3.6 5.6
35S:PGB1 H tech rep 4 24.3 3.7 6.6 1.17
Biological Replicate 4
35S:PGB1 N tech rep 1 40.1 4.8 8.4
35S:PGB1 H tech rep 1 39.7 5.3 7.5 0.90
35S:PGB1 N tech rep 2 17.5 2.0 8.8
35S:PGB1 H tech rep 2 13.3 1.6 8.3 0.95
35S:PGB1 N tech rep 3 5.9 1.7 3.5
35S:PGB1 H tech rep 3 6.5 3.0 2.2 0.62
Biological Replicate 5
35S:PGB1 N tech rep 1 9.2 3.0 3.1
35S:PGB1 H tech rep 1 9.8 2.9 3.4 1.10
35S:PGB1 N tech rep 2 30.5 2.2 13.9
35S:PGB1 H tech rep 2 41.3 2.6 15.9 1.15
35S:PGB1 N tech rep 3 30.7 3.3 9.3
35S:PGB1 H tech rep 3 31.8 3.0 10.6 1.14
35S:PGB1 N tech rep 4 25.9 3.9 6.6
35S:PGB1 H tech rep 4 30.5 5.3 5.8 0.87

1.05 3 0.16 0.09

1.07 2 0.23 0.16

0.99 3 0.24 0.14

0.92 2 0.04 0.03
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Table 11: H3K9ac fold change levels in root tips of the Pgb1-RNAi line exposed to normoxia 
(N) or hypoxia (H). The proportional protein values (µg) were calculated using the linear curve 
equations described in the previous chapter. The H3K9ac proportional protein value was 
normalized for loading using the corresponding H3 proportional protein value (H3K9ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of normalized hypoxia-treated sample to normalized normoxic-
treated sample. Standard deviation is indicated with SD and standard error mean is indicated 
with SEM. The n-value represents the number of technical replicates per biological replicate. 
Bolded values indicate protein levels that are outside of the preestablished linear ranges for the 
test antigen and the loading control, as defined in the previous section. If deemed outside of the 
linear range, the (H/N) fold changes were removed from further analysis.  Experiments were 
conducted on several technical replicates of per biological replicate. 

 
 

 

 

 

 

H3K9ac

H3K9ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K9ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
Pgb1-RNAi N tech rep 1 17.5 8.1 2.2
Pgb1-RNAi H tech rep 1 23.0 8.7 2.6 1.22
Pgb1-RNAi N tech rep 2 12.7 4.7 2.7
Pgb1-RNAi H tech rep 2 15.3 2.5 6.1 2.28
Pgb1-RNAi N tech rep 3 13.8 7.0 2.0
Pgb1-RNAi H tech rep 3 15.5 7.3 2.1 1.07
Pgb1-RNAi N tech rep 4 7.2 2.4 3.0
Pgb1-RNAi H tech rep 4 15.2 3.7 4.2 1.37
Biological Replicate 2
Pgb1-RNAi N tech rep 1 10.2 3.2 3.2
Pgb1-RNAi H tech rep 1 9.8 1.5 6.5 2.02
Pgb1-RNAi N tech rep 2 9.0 6.9 1.3
Pgb1-RNAi H tech rep 2 12.5 4.8 2.6 1.98
Pgb1-RNAi N tech rep 3 4.5 3.2 1.4
Pgb1-RNAi H tech rep 3 7.5 3.6 2.1 1.48
Biological Replicate 3
Pgb1-RNAi N tech rep 1 18.0 4.6 4.0
Pgb1-RNAi H tech rep 1 21.4 4.8 4.4 1.12
Pgb1-RNAi N tech rep 2 11.1 0.8 14.8
Pgb1-RNAi H tech rep 2 11.3 0.8 14.0 0.95
Pgb1-RNAi N tech rep 3 18.3 1.6 11.8
Pgb1-RNAi H tech rep 3 20.1 2.0 10.0 0.85
Pgb1-RNAi N tech rep 4 13.8 4.6 3.0
Pgb1-RNAi H tech rep 4 17.7 5.5 3.2 1.07
Pgb1-RNAi N tech rep 5 14.4 2.1 6.7
Pgb1-RNAi H tech rep 5 18.4 3.2 5.7 0.84
Pgb1-RNAi N tech rep 6 8.1 1.5 5.4
Pgb1-RNAi H tech rep 6 16.2 1.8 9.0 1.68
Pgb1-RNAi N tech rep 7 15.6 0.6 26.0
Pgb1-RNAi H tech rep 7 14.7 0.8 18.9 0.73

1.11 5 0.32 0.14

1.82 2 0.64 0.45

1.83 3 0.30 0.18
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Table 12: H3K14ac fold change levels in root tips of the Pgb1-RNAi line exposed to normoxia 
(N) or hypoxia (H). The proportional protein values (µg) were calculated using the linear curve 
equations described in the previous chapter. The H3K14ac proportional protein value was 
normalized for loading using the corresponding H3 proportional protein value (H3K14ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of normalized hypoxia-treated sample to normalized normoxic-
treated sample. Standard deviation is indicated with SD and standard error mean is indicated 
with SEM. The n-value represents the number of technical replicates per biological replicate. 
Bolded values indicate protein levels that are outside of the preestablished linear ranges for the 
test antigen and the loading control, as defined in the previous section. If deemed outside of the 
linear range, the (H/N) fold changes were removed from further analysis. Experiments were 
conducted on several technical replicates of per biological replicate. 

 
 

 

 

 

 

 

 

 

H3K14ac

H3K14ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K14ac / 
H3 Loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
Pgb1-RNAi N tech rep 1 9.8 7.0 1.4
Pgb1-RNAi H tech rep 1 12.7 7.3 1.7 1.24
Pgb1-RNAi N tech rep 2 36.5 6.6 5.5
Pgb1-RNAi H tech rep 2 46.6 5.1 9.1 1.65
Pgb1-RNAi N tech rep 3 19.7 4.7 4.2
Pgb1-RNAi H tech rep 3 24.0 4.6 5.2 1.25
Pgb1-RNAi N tech rep 4 13.2 2.4 5.5
Pgb1-RNAi H tech rep 4 18.9 3.7 5.2 0.93
Biological Replicate 2
Pgb1-RNAi N tech rep 1 14.4 3.2 4.5
Pgb1-RNAi H tech rep 1 19.1 1.5 12.5 2.77
Pgb1-RNAi N tech rep 2 31.1 6.9 4.5
Pgb1-RNAi H tech rep 2 41.6 4.8 8.6 1.91
Pgb1-RNAi N tech rep 3 29.8 3.2 9.2
Pgb1-RNAi H tech rep 3 34.5 3.6 9.6 1.04
Biological Replicate 3
Pgb1-RNAi N tech rep 1 18.5 6.9 2.7
Pgb1-RNAi H tech rep 1 11.8 6.5 1.8 0.67
Pgb1-RNAi N tech rep 2 20.9 4.6 4.5
Pgb1-RNAi H tech rep 2 26.7 2.5 10.7 2.35
Pgb1-RNAi N tech rep 3 9.6 2.1 4.5
Pgb1-RNAi H tech rep 3 7.9 3.2 2.5 0.55

- -

1.28 3 0.36 0.21

1.90

2.35

3 0.87 0.50

1
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Table 13: H3K9ac fold change levels in root tips of the pgb1-1 line exposed to normoxia (N) or 
hypoxia (H). The proportional protein values (µg) were calculated using the linear curve 
equations described in the previous chapter. The H3K9ac proportional protein value was 
normalized for loading using the corresponding H3 proportional protein value (H3K9ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of normalized hypoxia-treated sample to normalized normoxic-
treated sample. Standard deviation is indicated with SD and standard error mean is indicated 
with SEM. The n-value represents the number of technical replicates per biological replicate. 
Bolded values indicate protein levels that are outside of the preestablished linear ranges for the 
test antigen and the loading control, as defined in the previous section. If deemed outside of the 
linear range, the (H/N) fold changes were removed from further analysis.  Experiments were 
conducted on several technical replicates per biological replicate. 

 
 

 

 

 

 

 

 

 

H3K9ac

H3K9ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K9ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
pgb1-1  N tech rep 1 12.3 2.2 5.7
pgb1-1  H tech rep 1 11.0 1.7 6.5 1.15
pgb1-1  N tech rep 2 25.2 5.9 4.3
pgb1-1  H tech rep 2 21.7 2.0 10.9 2.55
pgb1-1  N tech rep 3 15.8 5.8 2.7
pgb1-1 H tech rep 3 24.7 7.3 3.4 1.25
pgb1-1  N tech rep 4 18.0 6.1 2.9
pgb1-1 H tech rep 4 12.3 3.0 4.1 1.38
pgb1-1  N tech rep 5 18.1 3.3 5.5
pgb1-1  H tech rep 5 7.3 0.8 9.0 1.62
pgb1-1  N tech rep 6 16.7 3.0 5.7
pgb1-1  H tech rep 6 16.1 0.5 31.5 5.57
Biological Replicate 2
pgb1-1  N tech rep 1 4.4 2.0 2.2
pgb1-1  H tech rep 1 16.2 3.2 5.0 2.30
pgb1-1  N tech rep 2 5.7 2.2 2.6
pgb1-1  H tech rep 2 10.8 2.6 4.1 1.59
pgb1-1  N tech rep 3 7.2 2.2 3.3
pgb1-1 H tech rep 3 9.3 1.4 6.7 2.03
pgb1-1  N tech rep 4 12.0 4.8 2.5
pgb1-1 H tech rep 4 19.7 3.8 5.2 2.06

2.43 4 2.10 1.05

41.99 0.29 0.15
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Table 14: H3K14ac fold change levels in root tips of the pgb1-1 line exposed to normoxia (N) or 
hypoxia (H). The proportional protein values (µg) were calculated using the linear curve 
equations described in the previous chapter. The H3K14ac proportional protein value was 
normalized for loading using the corresponding H3 proportional protein value (H3K14ac 
proportional protein value / H3 proportional protein value). The (H/N) fold changes were 
calculated by generating a ratio of normalized hypoxia-treated sample to normalized normoxic-
treated sample. Standard deviation is indicated with SD and standard error mean is indicated 
with SEM. The n-value represents the number of technical replicates per biological replicate. 
Bolded values indicate protein levels that are outside of the preestablished linear ranges for the 
test antigen and the loading control, as defined in the previous section. If deemed outside of the 
linear range, the (H/N) fold changes were removed from further analysis. Experiments were 
conducted on several technical replicates of per biological replicate. 

 
 

 

 

 

H3K14ac

H3K14ac 
Proportional Protein 

Value (µg)

H3 Proportional 
Protein Value 

(µg)

Ratio H3K14ac / 
H3 loading 

control
Ratio 
H/N Average n SD SEM

Biological Replicate 1
pgb1-1  N tech rep 1 19.4 5.9 3.3
pgb1-1  H tech rep 1 14.2 2.0 7.1 2.16
pgb1-1  N tech rep 2 39.1 5.8 6.8
pgb1-1  H tech rep 2 31.3 7.3 4.3 0.64
pgb1-1  N tech rep 3 9.3 3.3 2.9
pgb1-1 H tech rep 3 13.6 0.8 16.8 5.87
pgb1-1  N tech rep 4 8.1 3.0 2.8
pgb1-1 H tech rep 4 6.9 0.5 13.5 4.89
Biological Replicate 2
pgb1-1  N tech rep 1 7.2 2.0 3.6
pgb1-1  H tech rep 1 6.5 3.2 2.0 0.56
pgb1-1  N tech rep 2 7.7 2.2 3.5
pgb1-1  H tech rep 2 35.3 2.6 13.5 3.86
pgb1-1  N tech rep 3 8.7 2.2 4.0
pgb1-1 H tech rep 3 11.5 1.4 8.2 2.08

2.89 3 2.69 1.55

2.97 2 1.26 0.89
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Figure 10: Average (H/N) fold change values of both H3K9ac and H3K14ac of all biological and 
technical replicates at each of the four lines (wild type, 35S:PGB1, Pgb1-RNAi, and pgb1-1). 
The error bars represent the standard error mean of the wild type, 35S:PGB1, and Pgb1-RNAi 
data sets. The error bars for the pgb1-1 line represent standard deviation of the data set. The 
sample sizes for each group are: n = 23 for wild type H3K9ac, n = 14 for wild type H3K14ac, n 
= 16 for 35S:PGB1 H3K9ac, n = 10 for 35S:PGB1, n = 10 for Pgb1-RNAi H3K9ac, n = 7 for 
Pgb1-RNAi, n = 8 for pgb1-1 H3K9ac, and n = 5 for pgb1-1 H3K14ac. 

 

Independent two-tailed t-tests were conducted to assess statistical significance (p<0.05) 

among the values obtained. The first analysis compared H3K9 and H3K14 acetylation levels 

among the four lines to assess the effect of the genotype (Table 15A and 15B). For H3K9ac 

(H/N) fold changes, statistically significant differences were observed between WT vs. 

35S:PGB1, as well as between 35S:PGB1vs. Pgb1-RNAi, and 35S:PGB1 vs. pgb1-1. No 

statistically significant differences between genotypes were observed in H3K14ac (H/N) fold 
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changes; this was likely due to smaller sample size in H3K14ac immunoblots compared to 

H3K9ac immunoblots. 

The second analysis tested whether the (H/N) fold changes in H3K9ac and H3K14ac 

levels were statistically different within each line (Table 15C). Hypoxia induced no statistically 

significant change in H3K9 or H3K14 acetylation levels within each of the four lines.  

In the third analysis, the H3K9 and H3K14 acetylation level data sets were pooled together 

within each line. The pooled acetylation (H/N) fold change values were then assessed using a 

one-tailed t-test and a two-tailed t-test. The one-tailed t-test with pooled acetylation (H/N) fold 

change values was found to be significantly greater than one for the WT, Pgb-RNAi, and pgb1-1 

lines (Table 15D). The two-tailed t-test found statistically significant differences between all 

lines, except for WT vs. Pgb1-RNAi and Pgb1-RNAi vs pgb1-1 (Table 15E).  
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Table 15: Series of t-tests comparing H3K9 and H3K14 acetylation rates between the lines used 
(wild type, 35S:PGB1, Pgb1-RNAi, and pgb1-1), comparing the H3K9 and H3K14 acetylation 
rates within lines, and pooled acetylation (H3K9ac and H3K14ac) levels between the lines used. 
(A) Two-tailed t-tests comparing H3K9ac and (B) H3K14ac (H/N) fold changes between lines. 
(C) H3K9 and H3K14 acetylation levels were compared within the same lines. (D) This set also 
contains one-tailed t-tests assessing whether pooled acetylation average (H/N) fold changes are 
more than one, and (E) two-tailed t-tests comparing average (H/N) fold changes of pooled 
acetylation between lines. The n-value represents the number of replicates included in each 
group, and SD represents standard deviation. Each table contains the resulting p-values from the 
t-test listed above. 

 

 

A
H3K9ac two-tailed t-test

Col-0 35S:PGB1 Pgb1-RNAi pgb1-1
WT - 0.02 0.31 0.1
35S:PGB1 - 0.01 0.04
Pgb1-RNAi - 0.19
pgb1-1 -

B
H3K14ac two-tailed t-test

Col-0 35S:PGB1 Pgb1-RNAi pgb1-1
WT - 0.13 0.38 0.16
35S:PGB1 - 0.04 0.1
Pgb1-RNAi - 0.25
pgb1-1 -

C
H3K9ac v H3K14ac p-value
WT 0.65
35S:PGB1 0.38
Pgb1-RNAi 0.47
pgb1-1 0.51

D
Pooled acetylation one-tailed t-test

n Average SD p-value
WT 36 1.28 0.63 0.003
35S:PGB1 26 0.96 0.28 0.23
Pgb1-RNAi 17 1.49 0.56 0.001
pgb1-1 13 2.49 1.62 0.003

E
Pooled acetylation two-tailed t-test 

Col-0 35S:PGB1 Pgb1-RNAi pgb1-1
WT - 0.005 0.16 0.02
35S:PGB1 - 0.001 0.005
Pgb1-RNAi - 0.07
pgb1-1 -
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4. DISCUSSION 

4.1. Histone acetylation 

 Histone acetylation (such as H3K9ac and H3K14ac) tends to confer open 

transcriptionally active chromatin. This has the potential to affect regulation of gene transcription 

and the hypoxic response. To understand how histone acetylation dynamics were affected by 

hypoxia in Arabidopsis thaliana, H3K9ac and H3K14ac levels were analyzed in the root tips of a 

WT line. 

4.1.1. Histone acetylation in response to hypoxia 

Hypoxia was found in this study to enhance global acetylation levels of H3K9 and 

H3K14 in WT Arabidopsis (Col-0) root tips. Hypoxia-induced enhancement of H3K9 and 

H3K14 acetylation levels was hypothesized in this study to be driven by increased NO levels 

because NO levels are elevated in hypoxic conditions, and NO has been implicated as an 

epigenetic modifier.  

Previous work has been completed analyzing H3K9ac and H3K14ac levels in response to 

hypoxia. Lee and Bailey-Serres (2019) performed ChIP-Seq experiments on 2- and 9-hour 

anoxic treated whole seedlings. They found that H3K9ac significantly increased over hypoxic 

responsive genes in both 2- and 9-hour treatment but there was no significant change in in global 

H3K9ac levels over gene bodies (Lee & Bailey-Serres, 2019). There was also no change in 

global H3K14ac levels over gene bodies or over hypoxic responsive genes (Lee & Bailey-Serres, 

2019). Lee and Bailey-Serres did not do any antibody quality control or ChIP-seq internal 

controls. The lack of antibody quality control measures leaves the possibility for cross reactivity 

in the H3K9ac antibody especially, as H3K9ac and H3K27ac have similar flanking amino acid 
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sequences (Chaubet et al., 1992). Internal ChIP controls, such as a spike-in control, serve to 

normalize ChIP-seq data to effectively account for read coverage (Bonhoure et al., 2014). This 

allows for the normally qualitative ChIP-seq to reflect quantitative values. The difference 

between what was found by Lee and Bailey-Serres (2019) and this thesis was likely due to the 

lack of an internal control.  

4.1.2. Histone acetylation in response to Phytoglobin1 down-regulation 

Nitric oxide levels are increased in root tip tissue under low-oxygen conditions (Dordas 

et al., 2003; Mira et al., 2023b). NO is primarily produced via nitrite reduction pathways, as 

oxidative pathways are hindered under hypoxia (Gupta et al., 2022). Nitrite reduction under 

hypoxia primarily occurs in the mitochondria through the action of members of the electron 

transport chain: complex III (bc1), complex IV (cytochrome c oxidase), and the alternative 

oxidase (AOX) (Gupta et al., 2020). 

Evidence is available that NO enhances H3K9 and H3K14 acetylation and that S-

nitrosylation modifies the activity of multiple HDACs (Mengel et al., 2016; Ageeva-Kieferle et 

al., 2021; Zheng et al., 2023). Pgb1 was used to investigate the connection between NO and the 

epigenome because Pgb1 can confer hypoxia tolerance when overexpressed and reduced hypoxia 

tolerance when suppressed. The connection between Pgb1 and enhanced hypoxia and/or 

waterlogging tolerance has been demonstrated in Arabidopsis thaliana (Hunt et al., 2002; Mira 

et al., 2023b), Brassica napus (El-Khateeb et al., 2023), maize (Zea mays; Mira et al., 2016; 

Mira et al., 2023a), soybean (Glycine max; Mira et al., 2021), and barley (Hordeum vulgare L.; 

Cochrane et al., 2017). To understand how altered Pgb1 may affect H3K9 and H3K14 

acetylation levels, H3K9ac and H3K14ac were assessed in transgenic lines with modified PGB1 

expression (35S:PGB1, Pgb-RNAi, and pgb1-1 lines). Lines with enhanced PGB1 expression 



 
 

70 

(35S:PGB1) were hypothesized in this study to have reduced NO levels, maintained HDAC 

activity, and therefore maintained normoxic H3K9 and H3K14 acetylation levels. In contrast, the 

lines with reduced Pgb1 expression (PGB-RNAi and pgb1-1) were hypothesized in this study to 

have elevated NO levels, reduced HDAC activity, and enhanced H3K9 and H3K14 acetylation.  

In the 35SPGB1 line, hypoxia did not change the level of H3K9ac and H3K14ac in root 

tip tissue. An elevation in Pgb1 protein levels most likely mitigated the enhancement of H3K9 

and H3K14 acetylation levels caused by low oxygen. In contrast, the pgb1-1 line exacerbated the 

hypoxia-induced enhancement of H3K9ac and H3K14ac levels observed in WT. Under hypoxia, 

H3K9ac and H3K14ac levels doubled in the pgb1-1 line compared to the WT line. The absence 

of Pgb1 caused a significant elevation in both H3K9 and H3K14 acetylation levels. This 

indicates that Pgb1, by acting on NO, is involved in mediates of epigenetic regulation during 

hypoxia. The proposed mechanism of hypoxia-induced increases in H3K9ac and H3K14ac levels 

shown in indicated in Figure 11.  
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Figure 11: Proposed mechanism of hypoxia-induced increase in global H3K9 and H3K14 
acetylation levels. Under normoxic conditions, oxygen is at normal physiological levels, Pgb1 is 
present but at low levels, and NO levels are not high enough to S-nitrosylate HDA6. HDA6 and 
lysine acetyltransferases such as GCN5, are both active and work antagonistically to maintain 
acetylation at H3K9 and H3K14. Increased NO levels under hypoxic conditions cause S-
nitrosylation of HDA6, thereby decreasing HDAC activity. When HDA6 activity decreases, 
levels at H3K9 and H3K14 acetylation increase because GCN5 activity has not changed. As 
Phytoglobin1 increases in expression under hypoxic conditions, it can scavenge NO converting it 
to nitrate. Therefore, Phytoglobin1 can restore both the HDA6 activity and H3K9 and H3K14 
acetylation to those levels observed under normoxia. Created in https://BioRender.com. 
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In the Pgb1-RNAi line, the levels of both H3K9ac and H3K14ac increased slightly more 

than what was observed in WT. However, the increase in H3K9 and H3K14 acetylation levels 

was not significantly different (p < 0.05) from the WT values. The absence of a marked increase 

in H3K9ac and H3K14ac in the Pgb1-RNAi line may be caused by potentially higher Pgb1 

protein levels than the levels present in the pgb1-1 line. The Pgb1-RNAi and pgb1-1 lines were 

not directly compared in this study, but previous works revealed that Pgb1 is absent in the T-

DNA insertion line (pgb1-1; Hartman et al., 2019) while it is only reduced by half in the Pgb-

RNAi line (Hebelstrup et al., 2006; Mira et al., 2023b).  

4.1.3. Histone acetylation in response to nitric oxide in animal models 

Nitric oxide can enhance global histone acetylation rates in animal models by inhibiting 

HDACs and activating specific KAT complexes. In mouse neuronal cell cultures, elevated NO 

synthesis led to inactivation of HDAC2 through S-nitrosylation of Cys 262 and Cys 274 (Nott et 

al., 2008). S-nitrosylation of another HDAC, sirtuin-1 (SIRT1), was found to inactivate it as well 

(Kalous et al., 2016). Nitric oxide-mediated HDAC inactivation is not ubiquitous in all cell 

types; in human umbilical endothelial cells, NO maintains deacetylase activity of two class II 

histone deacetylases, HDAC4 and HDAC5 (Illi et al., 2008). Stress-induced NO decreased 

global H3K14ac levels (Illi et al., 2008). This was found to be caused by nuclear shuttling of 

HDAC4 and HDAC5, mediated by NO-induced activation of protein phosphatase 2A (PP2A; Illi 

et al., 2008).  

Although no evidence exists for NO-regulated changes in KAT activity in plants, a 

connection has been established in animal models. Oral cancer cells with increased expression of 

NO synthase displayed elevated acetylation of H3K9, H3K14, H3K56, and H4K8 (Arif et al., 

2010). GAPDH, a necessary enzyme in glycolysis, can be S-nitrosylated and, in animal systems, 
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has been shown to translocate to the nucleus, where it enhances the KAT activity of CBP/p300 

(Arif et al., 2010). S-nitrosylation of GAPDH primes it for acetylation by CBP/p300 at Lys160, 

which further stimulates autoacetylation activity of CBP/p300 (Sen et al., 2008). Autoacetylation 

of CBP/p300 increases its acetyltransferase activity and causes it to acetylate proteins in its 

proximity, including all four core histones and other regulatory proteins. However, CBP/p300 

predominantly acetylates H3K18, H3K27, and H3K36 (Weinert et al., 2018). Additionally, H3K9 

and H3K14 were found to be unaffected by differential CBP/p300 transcript expression (Weinert 

et al., 2018). This indicates that the relationship observed between Pgb1 and H3K9 and H3K14 

acetylation is not modulated by CBP/p300. GAPDH was also found to interact with and trans-

nitrosylate HDACs such as HDAC2 and sirtuin-1 (Kornberg et al., 2010). GAPDH can be S-

nitrosylated in plants (Lindermayr et al., 2005; Zaffagnini et al., 2013). Interestingly, in 

Arabidopsis, GAPC2, a plant GAPDH, expression is strongly upregulated in hypoxic QC cells in 

Arabidopsis thaliana roots (Hill et al., 2026). This could indicate a relationship between GAPDH 

and epigenetic regulation in QC cells, although a direct connection has not yet been made. 

4.2. Histone deacetylase S-nitrosylation 

Both HDA6 and HDA19 were found to be S-nitrosylated in response to elevated NO 

levels, and S-nitrosylation was found to reduce HDA6 activity and subsequently enhance H3K9 

and H3K14 acetylation (Ageeva-Kieferle et al., 2021). Alternatively, S-nitrosylated HDA19 

exhibited increased HDAC activity (Zheng et al., 2023). HDA19 was found to be S-nitrosylated 

primarily at the active site, Cys137 (Zheng et al., 2023). S-nitrosylated HDA19 was found to 

remove H3K14ac residues from genes involved in oxidative stress, but large-scale global 

changes in H3K9 and H3K14 acetylation remained largely unchanged (Zheng et al., 2023). 
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Therefore, S-nitrosylation-mediated inactivation of HDA6 is the most likely explanation for the 

elevation in H3K9 and H3K14 acetylation levels observed in response to hypoxia. 

The difference in HDA6 and HDA19 response to S-nitrosylation may be related to their 

involvement in different pathways and processes. HDA6 and HDA19 share a similar structure 

and similar evolutionary origin and are both localized to the nucleus (Ageeva-Kieferle et al., 

2019; Kurita et al., 2019; Guo et al., 2023). Subsequently, both HDA6 and HDA19 recognize 

and deacetylate similar residues on both H3 and H4 (Early et al., 2006; Choi et al., 2012; Kotnik 

et al., 2025). However, the two HDACs are involved in distinct regulatory pathways. HDA19 is 

engaged in development, as hda19 mutants exhibit severe developmental defects that are absent 

in hda6 mutants (Tian et al., 2003; Ning et al., 2019). HDA19 is involved in several 

developmental processes, including hypocotyl elongation, light signaling, and root cell 

elongation (Chen et al., 2015; Jing et al., 2020; Velez-Bermudez & Schmidt, 2023). HDA19 is 

also involved in several stress responses, including heat, drought, and salicylic acid-mediated 

biotic stress response (Choi et al., 2012; Ueda et al., 2018). Alternatively, HDA6 is a necessary 

component in transposon silencing, as hda6 mutants show increased expression of transgenes 

and rRNA (Probst et al., 2004; Early et al., 2012). HDA6 is also able to modulate mRNA 

polyadenylation patterning which can affect translational efficiency (Lin et al., 2020). HDA6 

interacts with DNA methyltransferase MET1 and the histone methyltransferases SUVH4/5/6 to 

contribute to heterochromatin formation through H3K9 methylation and H3 deacetylation (To et 

al, 2011; Liu et al, 2012). As with siRNA-mediated gene silencing, transposon silencing is 

mediated by HDA6, MET1, and SUVH4/5/6. HDA6 has also been shown to interact with 

multiple chromatin remodelers. SWI3B, an essential component of the SWI/SNF chromatin 

remodeling complex, directly interacts with HDA6 to maintain transposon silencing (Yang et al., 
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2020). HDA6 can also interact with the chromodomain helicase DNA-binding domain 3 

chromatin remodeler PICKLE to suppress the expression of specific genes and transposable 

elements (Li et al., 2024). HDA6 is involved in several developmental pathways as well, such as 

flowering time, senescence, silique growth, and leaf growth (Wu et al., 2008; Yu et al., 2016; 

Yuan et al., 2019; Du et al., 2024) and several stress response pathways, such as cold tolerance, 

ABA signaling, and salt stress (To et al., 2011; Luo et al., 2012). Both HDA6 and HDA19 are 

involved in repressing embryonic properties after germination, creating contingency for this 

important developmental process (Tanaka et al., 2008). Although HDA6 and HDA19 deacetylate 

similar lysine residues, they possess mostly independent functions.  

4.3. Consequences of histone deacetylase S-nitrosylation 

HDA6 deacetylates H3K9ac and H3K14ac (Ageeva-Kieferle et al., 2021). Hypoxia-

induced HDA6 inactivation and subsequent elevation in H3K9ac and H3K14ac are reliant on 

KATs to continue to apply acetylation marks. Arabidopsis has 4 KAT families: GCN5-related N-

acetyltransferase (GNAT), MO2-YBF2/SAS3-SAS2-TIP60 (MYST), CREB-binding proteins 

(CBP), and TBP-associated factor (TAF1; Kornet & Scheres, 2009). GCN5 (also called HAG1), 

a member of the GNAT family, is the best studied KAT in Arabidopsis thaliana and is known to 

preferentially acetylate both H3K9 and H3K14. H3K14 is only known to be acetylated by 

GCN5, while H3K9 can be acetylated by both GCN5 and TAF1 (Gan et al., 2021). CBP/p300, a 

member of the CBP family, was indicated in animal models to increase acetylation activity in 

response to NO: however, as mentioned above, this KAT tends to preferentially acetylate other 

lysines on H3 and H4 instead of H3K9 and H3K14 (Weinert et al., 2018).  

HDA6 inactivation via S-nitrosylation could result in several regulatory outcomes. First, 

it could potentially enhance transposable element expression. Transposable elements can be 



 
 

76 

organized into two major categories, DNA transposons and retrotransposons. DNA transposons, 

when transcribed, utilize a transposase gene within the transposon to remove themselves from 

one location and insert themselves elsewhere in the genome (Muñoz-López & García-Pérez, 

2010). Retrotransposons use an RNA intermediary and a reverse transcriptase encoded within the 

transposon to replicate and insert the copy into the genome (Muñoz-López & García-Pérez, 

2010). Transposable elements, DNA transposons or retrotransposons, can be inserted into 

enhancer regions, promoters, and within the gene body (Dubin et al., 2018). This can be harmful 

to stress responses because transposable elements have the potential to both activate genes that 

negatively affect stress responses and/or inactivate genes that positively affect stress responses.  

Although increased transposable element expression could be harmful, it may provide an 

advantage under stress conditions. Hormones and several stress conditions have been shown to 

influence transcription of transposable elements in Arabidopsis. These include heat stress, 

osmotic stress, cold stress, nutrient starvation, and ABA (Duan et al., 2008; Zeller et al., 2009). 

Novel gene functions introduced by transposon insertion can confer an advantage against 

environmental stressors (Ramakrishnan et al., 2021). This has been proposed as an evolutionary 

mechanism that enhanced genomic plasticity under environmental stress, because although 

random, the inactivation or activation of specific genes may confer an advantage under hypoxic 

stress (Dubin et al., 2018). Additionally, some transposons contain stress-responsive elements 

that become upregulated in response to biotic or abiotic stresses (Casacuberta & González, 

2013). The retrotransposon ONSEN contains a heat-responsive element, leading to increased 

expression of both the transposon and the surrounding genomic region in response to heat stress 

(Cavark et al., 2014). 
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HDA6 inactivation could also lead to a significant global elevation in H3K9 and H3K14 

acetylation levels. H3K9ac and H3K14ac tend to loosen chromatin conformation through their 

interactions with epigenetic and transcriptional modifiers. The proteins that recognize H3K9ac 

and H3K14ac contain bromodomains. Bromodomain containing proteins can be separated into 

three main categories: chromatin remodelers, transcriptional regulators, and epigenetic regulators 

(Bardani et al., 2023). Chromatin remodelers, such as the SWI/SNF complex, recognize H3K9ac 

and H3K14ac and use their ATPase activity to mobilize nucleosomes, potentially allowing 

greater access of the transcriptional machinery to DNA (Fu et al., 2023). Acetylation of H3, in 

conjunction with transcriptional regulators, is recognized by the SWI/SNF complex 

bromodomain, which can cause nucleosome mobility and H2A/H2B dimer displacement 

(Chatterjee et al., 2011). Additionally, the bromodomain of the SWI/SNF complex binds 

preferentially to H3K14ac (Chatterjee et al., 2011). Transcriptional regulators, such as the 

GENERAL TRANSCRIPTION FACTOR GROUP E (GTE) 1-12 in A. thaliana, can interact 

with the epigenome through the bromodomain. H3K9 and H3K14 acetylation can also recruit 

KATs, such as GCN5, which can continue to add acetyl groups to adjacent histone residues, 

positively enforcing an open chromatin conformation (Bardani et al., 2023).  

H3K9ac and H3K14ac both promote a more open chromatin conformation; however, not 

every modification is recognized or affects the epigenome in the same way. H3K9ac and 

H3K14ac tend to co-occur and are distributed together across active enhancers, CpG islands, and 

the transcription start sites (TSSs) of active genes (Lim et al., 2010; Karmodiya et al., 2012). 

H3K14ac, however, is distributed more over a subset of inactive promoters than H3K9ac 

(Karmodiya et al., 2012). One potential explanation for the distribution of H3K14ac is that the 

modification is placed on specific promoters at low levels to prime them for future activation in 
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response to environmental stimuli. Additionally, once acetylation is placed onto H3K9 or 

H3K14, other modifications such as methylation or ubiquitination are blocked from those lysines 

(Koumbadinga et al., 2015). The inhibition of ubiquitination in favor of acetylation, could lead to 

differential mRNA splicing patterns (Koumbadinga et al., 2015).  

H3K9ac and H3K14ac were the focus of this study; however, HDA6 can deacetylate 

other lysine residues on histones and non-histone proteins. HDA6 has been shown to affect 

global acetylation levels of both H3 and H4 (Zhou et al., 2021; Vincent et al., 2022). The 

confirmed acetylation sites of H3 and H4 are H3K9, H3K14, H3K27, H4K5, and H4K12, 

although there are likely more (Early et al., 2006; Lin et al., 2020; Vincent et al., 2022). HDA6, 

in conjunction with GCN5, can also manage non-histone proteins such as the transcription 

factors WRKY63 and TOPLESS. HDA6 can deacetylate WRKY63 at lysine 31, reducing 

nuclear localization and WRKY63-mediated transcriptional activity (Shih et al., 2025). 

WRKY63 has been implicated in ABA response, drought tolerance, mitochondrial stress 

response, and vernalization (Ren et al., 2010; Van Aken et al., 2013; Hung et al., 2022). HDA6-

mediated deacetylation of TOPLESS inhibits its ability to interact with adaptor protein NINJA 

and recruitment to MYC2 promoters (An et al., 2022). TOPLESS deacetylation affects 

jasmonate signaling modifying the regulation of several jasmonate-responsive genes (An et al., 

2022). Jasmonate is involved in various developmental processes and in biotic stress responses 

(An et al., 2022). TOPLESS is also involved in auxin signaling and it acts as a co-repressor of 

auxin response genes indicating potential involvement of auxin signaling following HDA6 

inactivation (Szemenyei et al., 2008). Deactivation of HDA6 through S-nitrosylation could affect 

acetylation rates of other histone residues and of transcription factors like WRKY63 and 
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TOPLESS. This can cause transcriptional changes in response to NO not strictly explained by 

H3K9ac and H3K14ac.  

Enhancing H3K9 and H3K14 acetylation may be beneficial, as it could increase the 

expression of genes involved in the hypoxic response. However, the negative effects of large-

scale histone acetylation are likely. HDA6 deactivation could have a greater impact than 

regulation of the hypoxic response, as HDA6 is a necessary component of many stress and 

developmental pathways. Additionally, global increases in H3K9 and H3K14 acetylation would 

be harmful if regulation was altered to inhibit the stress response or induce genes irrelevant to 

survival. Although the downstream regulatory effects of elevated global H3K9 and H3K14 

acetylation in response to hypoxia are not known, it is plausible that Pgb1 provides an advantage 

under low oxygen stress. PGB1 overexpression confers an advantage in hypoxic conditions, 

improving survival rates, growth rates, and QC functionality (Hunt et al., 2002; Mira et al., 

2023b). Pgb1 has the potential to provide an advantage in hypoxic conditions by stabilizing the 

epigenome and potentially aberrant gene expression through NO scavenging.  

4.4. Other epigenetic changes in response to hypoxia 

 Although histone acetylation was the focus of this study, DNA methylation, histone 

methylation, and nucleosome positioning may have affected the epigenome in low-oxygen 

conditions. 

4.4.1. DNA methylation in response to hypoxia 

In plant systems, a link has been established between hypoxia and the RNA-directed 

DNA methylation (RdDM) pathway. DNA methylation, the process of adding a methyl group to 

cytosine residues, tends to confer a closed, repressed chromatin state and is essential for gene 
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silencing. However, CG methylation is enriched over the transcription start and termination sites 

of actively transcribed genes in both plants and animals (Bewick & Schmitz, 2017). The RdDM 

pathway, a process unique to plants, directs DNA methylation through the recognition and 

matching of double-stranded RNAs to a genomic DNA sequence. Once the double-stranded 

RNA is matched to a DNA sequence, the matching DNA is methylated, preventing transcription 

of the gene. The RdDM pathway is involved in several processes, including silencing 

transposable elements, stress response, and developmental processes such as flowering (Erdmann 

& Picard, 2020). Small stranded RNAs can be organized into two groups: small interfering 

RNAs (siRNAs) and microRNAs (miRNAs). siRNAs tend to mediate persistent or long-term 

gene silencing, while miRNAs tend to mediate temporary gene downregulation (Tang, 2005). 

Hypoxia was found to change miRNA transcription in both A. thaliana and maize (Licausi et al., 

2010; Moldovan et al., 2010). ARGONAUTE1 (AGO1) and ARGONAUTE4 (AGO4), 

components of the RdDM pathway that regulate miRNA production, were indicated in oxygen 

sensing in Arabidopsis. Loreti et al. (2019) found that the ago1 mutant line was hypersensitive to 

submergence, while the ago4 mutant line was tolerant to submergence. AGO4 in particular was 

found to increase DNA methylation in response to submergence (Loreti et al., 2019). This 

indicates a potential connection between hypoxia and DNA methylation. However, this is 

insufficient to indicate how DNA methylation may be affected in plants.  

Work on animal models provides in-depth insight into DNA methylation dynamics in 

response to hypoxia. DNA methylation is modulated by two kinds of enzymes, DNA 

methyltransferases (DNMTs), which add methyl groups to cytosine residues, and DNA 

demethylases, which remove methyl groups from cytosine residues. Hypoxia inhibits the activity 

of DNMTs and a family of DNA demethylases (TET enzymes). DNMTs require S-adenosyl 
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methionine (SAM) to catalyze the transfer of methyl groups to cytosines (Lyko, 2018). SAM, the 

main methyl donor in one-carbon metabolism, requires ATP to be cycled. Under hypoxic 

conditions with reduced energy availability, SAM levels are decline, thereby inhibiting DNA 

methylation. TET enzymes rely directly on oxygen availability to function, as they remove DNA 

methylation through a series of oxidation reactions (Kohli & Zhang., 2013). In animal systems, 

hypoxia is generally associated with global hypomethylation and is caused by reduced DNMT 

activity (Verdikt & Thienpont, 2024). Passive reductions in DNA methylation could cause this as 

DNA replicates without functional DNMT to replace preexisting DNA methylation. It could also 

be caused by other regulatory mechanisms that adjust DNMT or TET enzyme expression or 

activity. If the activity of DNMTs and TET enzymes remains the same across plants and animals, 

DNA hypomethylation may have impacted the epigenetic landscape by increasing the amount of 

open chromatin and potentially histone acetylation levels. 

4.4.2. Histone methylation in response to hypoxia 

Histone methylation can also be affected by hypoxia. In animal models, hypoxia inhibits 

Jumonji-C domain-containing lysine demethylase (JmjC-type KDM) enzymatic activity in a 

manner similar to that of the TET enzymes mentioned above, as both are non-heme iron 

dioxygenases (Kooistra & Helin, 2012; Islam et al., 2018). Hypoxia induces increased 

expression of JmjC-type KDMs to compensate for decreased enzymatic activity (Beyer et al., 

2008; Xia et al., 2009). However, despite increased expression of these JmjC-type KDMs, 

H3K27me3 still accumulated under hypoxic conditions (Batie et al., 2019; Chakraborty et al., 

2019). A direct interaction between hypoxia and JmjC-type KDM activity has not been 

established in plants. Hypoxia can also inhibit lysine methyltransferase activity because SAM is 

required, as with DNMTs. 
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4.4.3. Nucleosome positioning in response to hypoxia 

Nucleosome positioning can also be modulated by hypoxia. Chromatin remodeling 

enzymes rely on ATP to move nucleosomes (Chereji & Clark, 2018). Organisms under hypoxic 

stress may lack the ATP required to reposition nucleosomes. The SWI/SNF-type chromatin 

remodeler BRAHMA not only needs ATP to catalyze nucleosome movement, but is also 

stabilized through physical association with ERFVIIs in Arabidopsis (Vicente et al., 2017). 

BRAHMA has also been found to co-target genes with KDMs, promoting active chromatin (Li et 

al., 2016). Additionally, the ERFVIIs RAP2.2/RAP2.12, which are targets of the N-degron 

pathway, interact with the mediator complex subunit MED25 to promote transactivation of a 

subset of hypoxia responsive genes (HRGs) during hypoxic stress (Schippers et al., 2024). The 

reduction in BRAHMA activity, combined with inefficient binding of the mediator complex to 

HRGs observed in hypoxia, could lead to diminished HRG upregulation under hypoxic stress. 

4.5. Other epigenetic changes in response to nitric oxide 

 As with hypoxia, NO can influence other epigenetic modification such as DNA and 

histone methylation, potentially impacting the hypoxic response.  

4.5.1. DNA methylation in response to nitric oxide 

Nitric oxide, as one of the many signals of hypoxic stress, can also regulate DNA 

methylation. In rice, NO has also been implicated in the RdDM pathway and in modifying DNA 

methylation (Ou et al., 2015; Zeng et al., 2023). Nitric oxide regulated the expression of genes 

involved in meristematic regulation by inhibiting the interaction between AGO4 and 

WUSCHEL, a transcription factor involved in shoot stem cell fate (Zeng et al., 2023). 

Hypomethylation of specific CHG sites was observed in response to NO application in rice (Ou 
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et al., 2015). However, these hypomethylations did not increase gene or transposon expression 

(Ou et al., 2015).  

DNA methylation was reported to be directly and indirectly regulated by NO in animal 

models. Unlike hypoxia, applications of either exogenous or endogenous NO caused an elevation 

in DNMT activity (Hmadcha et al., 1999). The elevated in DNMT activity led to increased DNA 

methylation and, subsequently, induced gene silencing (Hmadcha et al., 1999; Huang et al., 

2012). Nitric oxide inhibited the TET enzymes' dioxygenase activity by inhibiting oxygen 

binding to the enzymes' non-heme iron (Bovee et al., 2018). Hypoxia and NO have both been 

implicated in regulating components of the RdDM pathway in plants and regulating DNMT and 

TET enzyme activity in animals. The inconsistency of global DNA methylation changes in 

response to both hypoxia and NO indicate that this response is likely dependent on species, tissue 

type, and internal and external signaling.  

4.5.2. Histone methylation in response to nitric oxide 

Histone methylation can also be affected by NO in plants through the modification of 

epigenetic enzymes and complexes. S-nitrosylation of Cys-125 on the arginine methyltransferase 

PRMT5 can enhance its enzymatic activity (Hu et al., 2017). A prmt5 mutant showed 

developmental defects and reduced abiotic stress tolerance; however, a PRMT5 transgenic line 

with a non-nitrosylable mutation at Cys-125 showed no developmental defects but remained 

stress sensitive (Hu et al., 2017). The enhanced activity of PRMT5 enhanced the levels of Arg 

symmetric demethylation in Arabidopsis. S-nitrosylation of Cys125 of PRMT5 was reported to 

enhance stress tolerance by enabling specific pre-mRNA splicing patterns of stress-related genes 

(Hu et al., 2017). 
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Nitric oxide can directly modify the polycomb repressive complex 2 (PRC2). PRC2 is a 

histone methyltransferase complex that primarily methylates H3K27 (Godwin & Farrona, 2022). 

VERNALIZATION2 (VRN2), a subunit of PRC2 in plants, is a target of the N-degron pathway 

(Gibbs et al., 2018). During hypoxic stress, VRN2 has a repressive effect on growth, which is a 

common strategy employed during waterlogging or submergence responses (Voesenek & Bailey-

Serres, 2015; Labandera et al., 2021). This repressive effect could be caused by the deposition of 

H3K27me3 on genes involved in growth and aerobic metabolism, in association with PRC2. 

However, when NO accumulates under hypoxic conditions and targets VRN2 for degradation via 

the N-degron pathway, the growth repression observed during hypoxia could be reversed.  

In animal systems, histone methylation is affected by NO through the formation of iron-

nitrosyl complexes with the non-heme iron within the catalytic pocket of JMJC domain-

containing KDM3A (Hickock et al., 2013). This results in decreased KDM3A catalytic activity 

and a significant increase in global H3K9me2 levels (Hickock et al., 2013). Although KDM3A 

activity and H3K9me2 activity decreased, KDM3A transcript levels were found to increase 

(Hickock et al., 2013). Macrophages treated with NO and hypoxia showed increases in 

H3K9me2/3 and H3K36me3 in both treatment groups (Tausendschön et al., 2011). Mouse 

embryonic stem cells treated with NO similarly showed increased levels of H3K9me3 and 

H3K4me1/2/3 (Mora-Castilla et al., 2010). This indicates the possibility of large-scale changes 

in histone methylation in response to NO in both plants and animals.  

Similar to the TET enzymes, if JmjC-type KDM activity declines in response to hypoxia 

and NO in plants, histone methylation can accumulate. This could increase heterochromatin 

formation and physically block acetylation placement on H3K9 and H3K14. JmjC-type KDMs 

could have been inactivated in Arabidopsis WT root tips during hypoxia increasing histone 
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methylation. Additionally, if NO inhibits JmjC-type KDMs then PGB1 overexpression should be 

able to rescue some hypermethylation. However, histone methylation was not measured and 

global levels of H3K9ac and H3K14ac increased despite potential inhibition.  

The main action of NO on histone methylation is through regulation of KDMs; however, 

histone methyltransferases (KMTs) may also be affected. Cells cultured in methionine-free 

media, which inhibited cellular SAM production during NO treatment, showed the same increase 

in global histone methylation (Hickock et al., 2013). This provides evidence that KMTs are not 

the main focus of NO-mediated histone methylation changes. Additionally, when treated with 

NO, the H3K9 methyltransferases SETDB2 and SUV39H2 were transcriptionally upregulated 

while another H3K9 methyltransferase, G9a, was downregulated at the protein level (Hickock et 

al., 2013). 

4.5. The importance of antibody quality control 

Antibody quality control measures were taken to ensure that antibodies were specific for 

the histone PTM for which they were raised. Multiple antibodies detecting H3K9ac were tested; 

however, only one detected oligo-H3K9ac without cross-reacting with oligo-H3, oligo-H3K14ac, 

or oligo-H3K27ac. Often, monoclonal antibodies that detect H3K9ac also detect H3K27ac, as 

the peptide sequences are very similar. The H3K9ac and H3K27ac sites share an identical four-

amino acid sequence surrounding the PTM. H3K9ac and H3K27ac are associated with each 

other, and both confer an open chromatin conformation (Igolkina et al., 2019). However, each 

modification can interact with distinct epigenetic readers and confer distinct functional 

outcomes. A few H3K14ac antibodies were tested for binding specificity. Both tested antibodies 

bound to the other oligopeptides (oligo-H3, oligo-H3K9ac, and oligo-H3K27ac); however, one 

antibody detected proteins other than H3 by Western blotting. The antibodies that detect 
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H3K14ac also tended to have much weaker binding efficiency. This consequently led to less 

successful immunoblots when H3K14ac levels were assessed, because more of each sample was 

required per replicate.  

Linear curves were essential for data analysis and for ensuring the reproducibility and 

accuracy of quantitative immunoblotting. Identifying the linear range for each antibody was 

important to ensure that inaccurate data was excluded. These extensive measures are rarely 

implemented and can yield misleading results if not identified and accounted for (Pillai-Kastoori 

et al., 2020). Understanding the binding accuracy of the antibodies used was important for 

assessing the accuracy of the results and the scope of the study. 

4.6. Limitations 

Although thorough antibody quality control is necessary, it does not always guarantee 

accurate results. Post-translational modifications on amino acids close to the modification of 

interest can potentially block antibody binding (Bock et al., 2011). Results would become 

confounded with false negatives if adjacent modified amino acid residues blocked antibody 

binding. Oligopeptides with multiple modifications would need to be used in dot blot analysis to 

determine whether the antibodies can detect the PTM when adjacent amino acid residues are 

modified.  

Another issue present was that loading controls were immunodetected on separate blots. 

Loading controls were essential for obtaining accurate, reproducible results. An antibody 

detecting H3 was used as the loading control, providing a direct comparison of H3 levels with 

PTM levels on H3. However, immunoblotting is a technique that involves many individual 

complex steps. Error can be introduced at any of these steps; therefore, loading controls on the 

same immunoblot would help mitigate errors. This was not done in this study. The linear 
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detection ranges for each antibody (anti-H3, anti-H3K9ac, and anti-H3K14ac) required different 

cell lysate loading amounts. Probing for the loading control and the histone PTM within the same 

blot became impossible. Different antibodies could have been procured and tested to ensure they 

all fit within the same linear range; however, this process was time-consuming and expensive. 

The next limitation was that Western blotting was the main technique utilized. This 

technique can indicate global changes in acetylation; however, it does not elucidate how gene or 

transposon expression may have changed, how HDAC activity may have changed, or how this 

change in acetylation may affect the hypoxic stress response. 

The last limitation is that NO was not measured in the sample root tip tissue. As 

explained in the literature review section, Pgb1, in its oxygenated form, can oxidize NO to nitrate 

(Igamberdiev et al., 2004). This should allow Pgb1 to be used to investigate how NO levels can 

influence H3K9 and H3K14 acetylation. However, without measuring NO levels in the A. 

thaliana root tip samples in each line used (WT, 35S:PGB1, Pgb1-RNAi, and pgb1-1) following 

treatment (4% oxygen or ambient air for 12 hours), the correlation is indirect. The assumption 

that expected changes in NO occurred in the lines utilized is supported by previous studies. 

Nitric oxide levels were measured in the root tips of the WT, 35S:PGB1, and Pgb1-RNAi lines in 

response to 12-hour waterlogging treatment (Mira et al., 2023b). Nitric oxide levels increased by 

over 2 times in the WT (Col-0) line, showed no significant change in the 35S:PGB1 line, and 

increased 4 times in the Pgb1-RNAi line following treatment (Mira et al., 2023b). Nitric oxide 

levels were also measured in the Pgb1-RNAi line, and NO emissions in untreated samples were 

higher in the inflorescence than in WT (Hebelstrup et al., 2006). In Hartman et al. (2019), NO 

levels were measured in the pgb1-1 line in response to 100% N2 for 4 hours; only a comparison 

between an ethylene pretreatment and an ambient air pretreatment was made. They found an 
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elevation in NO emission between anoxia-treated WT and pgb1-1 root tips (Hartman et al., 

2019). Although these lines are well studied and there is a well-documented relationship between 

Pgb1 and NO, NO levels were not measured following the specific treatment conditions used in 

this study. 

4.7. Future Work 

Past work and the work completed in this thesis provide little insight into how gene 

expression may be modified by global increases in H3K9ac and H3K14ac. To solve this, RNA-

seq could be done. Additionally, ChIP-seq would also be helpful to understand where H3K9ac 

and H3K14ac are distributed within the genome. Which genes increase/decrease H3K9ac and 

H3K14ac distribution on and which genomic regions (enhancer, promoter, or gene body) 

H3K9ac/H3K14ac are distributed on could provide insight into the epigenetic changes caused by 

hypoxia. Finally, HDA6, and potentially other HDACs, should have S-nitrosylation and activity 

levels in hypoxic conditions measured to understand whether HDA6 is responsible for the global 

increase in H3K9ac and H3K14ac observed in hypoxic conditions. 

4.8. Conclusion 

Hypoxia induced an enhancement in H3K9 and H3K14 acetylation levels in Arabidopsis 

thaliana root tip tissue. Pgb1 inhibited the enhancement in H3K9 and H3K14 acetylation 

observed under hypoxic conditions. This implied NO involvement in this epigenetic change. If 

NO is responsible for the increase in H3K9ac and H3K14ac, then the most likely mechanism of 

action is S-nitrosylation and inactivation of HDA6. Increased H3K9 and H3K14 acetylation may 

improve transcription of stress-response genes by opening chromatin. However, enhanced 

histone acetylation at genes not involved in stress response may hinder plant survival. Further 

work is needed to elucidate how elevated levels of H3K9 and H3K14 acetylation affect the 
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hypoxic response and how Pgb1 influences this regulatory change. Overall, understanding the 

relationship between hypoxia and epigenetic regulation is important for elucidating how stress 

responses can be modified or accommodated to improve survivability under waterlogging. 
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SUPPLEMENTAL FIGURES 

 

Supplemental Figure 1 – WT Bio rep 1, Tech rep 2
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(H3K9ac only)
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Supplemental Figure 3 – Pgb1-RNAi Bio rep 1, Tech rep 2 H3K9ac only
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H3K9ac

Supplemental Figure 4 – 35S:PGB1 bio rep 1, tech rep 1, Pgb1-RNAi bio 
rep 1 tech rep 1 for k14 and 3 for k9, H3 loading
Is this H3K14ac worth keeping? -> probably need to remove
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Supplemental Figure 5 – Pgb up bio rep 1 tech rep 2, WT bio rep 2 not used H3 loading control
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Supplemental Figure 7 – Pgb down bio rep 1 tech rep 2 h3k14ac only, pgb up not used, wt bio rep 2 
tech rep 1 k14 only, H3 loading 6/2; Supplemental Figure 8 – pgb up bio rep 1 tech rep 3, wt bio rep 
2 tech 2 rep, H3 loading control; Supplemental Figure 9 – Pgb up bio rep 1 tech rep 3 H3K9ac 
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Supplemental Figure 10 – WT Bio rep 2 tech rep 2, H3K9ac; Supplemental Figure 11 – WT bio rep 
2 tech rep 1, H3K14ac 
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Supplemental Figure S1: Biological replicate 1 and biological replicate 2 (WT technical 
replicate 1-3, 35S:PGB1 technical replicates 1) of WT, 35S:PGB1, and Pgb-RNAi. The Ponceau 
S-stained blot of normoxic and hypoxic cell lysates (left panels), and the accompanying blot 
immunostained with antibodies against the H3 loading control (A, D, H, K, N, O, T), H3K9ac 
(B E, I, L, P, Q, U), and H3K14ac (C, J, M, S, R, V) are shown (right panels). WT biolgical 
replicate 1 includes technical replicates tech. rep. 1 in Figure 8, tech. rep. 2 (A-C) and biological 
replicate 2 includes technical replicates H3K9ac tech. rep. 1 (T, U), H3K9ac tech. rep. 2 (O, Q),  
H3K14ac tech. rep. 1 (N, R), H3K14ac tech. rep. 2 (O, S), H3K14ac tech. rep. 3 (T, V) in the 
figure. 35S:PGB1 biological replicate 1 includes technical replicates: tech. rep. 1 (H, I, J), tech. 
rep. 2 (O, L, M), tech. rep. 3 (O, P, S) and biological replicate 2 includes technical replicates: 
tech. rep. 1 (T, U, V) in this figure. Pgb1-RNAi biological replicate 1 includes technical 
replicates: H3K9ac tech. rep. 1 (D, E), H3K9ac tech. rep. 2 (F, G), H3K9ac tech. rep. 3 (H, I), 
H3K14ac tech. rep. 1 (H, M), H3K14ac tech. rep. 2 (N, M), H3K14ac tech. rep. 3 (K, S), tech. 
rep. 4 (T, U, V). Abcam mouse anti-H3 (cat# 10799) primary antibody and Invitrogen goat anti-

Supplemental Figure 13 – Pgb down bio rep 1 tech rep 4, WT bio rep 2 tech rep 1 k9ac tech rep 3 
k14ac, Pgb up bio rep 2 tech rep 1, H3 loading and H3K9ac 6/4; Supplemental Figure 14 – Pgb 
down bio rep 1 tech rep 4, WT bio rep 2 tech rep 1,Pgb up bio rep 2 tech rep 1, H3K9ac 6/4 
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Supplemental Figure 15 – Pgb down bio rep 1 tech rep 4, WT bio rep 2 tech rep 3, Pgb up bio rep 2 
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mouse (cat# 31430) were used for the H3 blots (A, D, H, K, N, O, T). Abcam rabbit anti-
H3K9ac (cat# ab32129) primary antibody and Invitrogen goat anti-rabbit secondary (cat# 32460) 
were used for the H3K9ac blots (B, E, I, L, P, Q, U). Invitrogen rabbit anti-H3K14ac (cat# 
MA5-32814) primary antibody for blots C and J. Abcam rabbit anti-H3K14ac (cat# ab52946) 
was used for blots M, S, R, and V. An Invitrogen goat anti-rabbit (cat# 32460) secondary 
antibody were used for the H3K14ac blots. The values above each band represent the band 
intensity value (band volume/band area) provided by the Azure SpotPro software.  
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Supplemental Figure 16 – All bio rep 2, WT tech rep 3 for k9ac and rep 4 for k14ac, Pgb down tech 
rep tech rep 2, pgb up tech rep 2, H3 loading (6/11) 
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Supplemental Figure 17 – Bio rep 2, wt tech rep 3, pgb down tech rep 2, pgb up tech rep 2  H3K9ac
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Supplemental Figure 18 – Bio rep 2, Wt tech rep 4, pgb down tech rep 2, pgb up tech rep 2 H3K14ac 
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Supplemental Figure 19 – All bio rep 2, WT tech rep 3 for k9ac and rep 4 for k14ac, Pgb down tech 
rep tech rep 2, pgb up tech rep 2, H3 loading (6/11) 
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Supplemental Figure 20 – Bio rep 2, wt tech rep 4, pgb down tech rep 1, pgb up tech rep 3, H3K9ac 
6/12; Pgb up N accidentally loaded twice
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Supplemental Figure 21 – Bio rep 2, Wt tech rep 4, pgb down tech rep 2, pgb up tech rep 2 H3K14ac 
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Supplemental Figure 22 –Bio rep 2, wt tech rep 5 (K9ac)tech rep 6 (K14), pgb down tech rep 3; 
H3 loading; Supplemental Figure 23 – Bio rep 2, wt tech rep 5, pgb down tech rep 3, H3K9ac 
6/13; 
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Supplemental Figure 24 – Bio rep 2, wt tech rep 6, pgb down tech rep 3, H3K14ac 
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Supplemental Figure 25 – Pgb up bio rep 2 tech rep 4; H3, K9ac and K14ac; 6/25
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Supplemental Figure S2: Biological replicate 2 of the WT (tech. rep. 3-6), 35S:PGB1 (tech. 
rep. 2-4), and Pgb-RNAi lines (all tech. reps.). The Ponceau S-stained blot of normoxic and 
hypoxic cell lysates (left panels), and the accompanying blot immunostained with antibodies 
against the H3 loading control (A, D, G, J), H3K9ac (B, E, H, K), and H3K14ac (C, F, I, L) are 
shown (right panels). WT biolgical replicate 2 includes technical replicates: H3K9ac tech. rep. 3 
(A, B), H3K9ac tech. rep. 4 (D, E), H3K9ac tech. rep. (G, H), H3K14ac tech. rep. 4 (A, C), 
H3K14ac tech. rep. 5 (D, E), H3K14ac tech. rep. 6 (G, I). 35S:PGB1 biological replicate 2 
includes technical replicates: tech. rep. 2 (A, B, C), tech. rep. 3 (D, E, F), tech. rep. 4 (J, K, L). 
Pgb1-RNAi biological replicate 1 includes technical replicates: tech. rep. 1 (D, E, F), tech. rep. 2 
(A, B, C), tech. rep. 3 (G, H, I). Abcam mouse anti-H3 (cat# 10799) primary antibody and 
Invitrogen goat anti-mouse (cat# 31430) were used for the H3 blots (A, D, G, J). Abcam rabbit 
anti-H3K9ac (cat# ab32129) primary antibody and Invitrogen goat anti-rabbit secondary (cat# 
32460) were used for the H3K9ac blots (B, E, H, K). Abcam rabbit anti-H3K14ac (cat# 
ab52946) was used for all H3K14ac blots (C, F, I, L). An Invitrogen goat anti-rabbit (cat# 
32460) secondary antibody were used for the H3K14ac blots. The values above each band 
represent the band intensity value (band volume/band area) provided by the Azure SpotPro 
software. 
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Supplemental Figure 28 – H3K14ac Bio Rep 3 (tech rep 1); 8/19
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Supplemental Figure 26 – H3 loading, Bio rep 3 wt tech rep pgb down tech rep 1; Supplemental 
Figure 27 – H3K9ac bio rep 3 tech rep 1
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Supplemental Figure 29 – H3 loading control 7-23 bio rep 3 (tech rep 2) and bio rep 4 (tech rep 1)
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Supplemental Figure 30 – H3K9ac Bio rep 3 (tech rep 2) and Bio rep 4 (tech rep 1), 7-23 
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Supplemental Figure 32 – H3K14ac Bio Rep 4 (tech rep 1 Pgb KO only); 8/19
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Supplemental Figure 31 – H3 loading control Bio Rep 3 (tech rep 3 pgb down only) and 4 (didn’t use) ; 
8/19
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Supplemental Figure 33 – H3 loading control Bio Rep 3 (tech rep 3 WT k9ac, tech rep 1 k14ac) and 
Bio Rep 4 (tech rep 2 K9ac, PKO tech rep 1 k14ac); 8/20
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Supplemental Figure 34 – H3K9ac Bio Rep 3 (WT and pgb down tech rep 3) and 4 (tech rep 2); 
8/20
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Supplemental Figure 35 – H3 loading control Bio Rep 3 (tech rep 4 k9ac, tech rep 2 k14ac) and 4 
(tech rep 3 k9ac, tech rep 2 PKO k14ac, tech rep 1 Pgb up k14ac); 8/22
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Supplemental Figure 36 – H3K9ac Bio Rep 3 (tech rep 4) and Bio Rep 4 (tech rep 3); 8/22 
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Supplemental Figure 37 – H3K14ac Bio Rep 3 (tech rep 2) and 4 (PKO tech rep 2 and Pgb up 
tech rep 1) ; 8/22  
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Supplemental Figure 38 – H3 loading control Bio Rep 3 (tech rep 5 K9ac, tech rep 3 K14ac) and Bio 
Rep 4 (tech rep 4 K9ac) 
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Supplemental Figure 39 – H3K9ac Bio Rep 3 (tech rep 5) and Bio Rep 4 (tech rep 4)
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Supplemental Figure 40 – H3K14ac Bio rep 3 (tech rep 3) 
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Supplemental Figure 41 – H3 Bio Rep 3 (tech rep 6 K9ac) and Bio Rep 4 (tech rep 5 K9ac, tech rep 
2 Pgb up K14ac, tech rep 3 PKO K14ac)
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Supplemental Figure 42 – H3K9ac Bio Rep 3 (tech rep 6) and Bio Rep 4 (tech rep 5)
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Supplemental Figure 46 – H3K14ac Bio Rep 3 (tech rep 4 WT only) and Bio Rep 4 (tech rep 3 
Pgb up, tech rep 4 PKO), 9/3/25 
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Supplemental Figure 44 – H3 Bio Rep 3 (tech rep 7 K9ac, tech rep 4 K14ac wt only) and Bio Rep 4 
(tech rep 6 K9ac, tech rep 3 Pgb up K14ac, tech rep 4 Pgb KO K14ac 9/3/25 
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Supplemental Figure 45 – H3K9ac Bio Rep 3 (tech rep 7) and Bio Rep 4 (tech rep 6), 9/3/25 
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Supplemental Figure 46 – H3K14ac Bio Rep 3 (tech rep 4 WT only) and Bio Rep 4 (tech rep 3 
Pgb up, tech rep 4 PKO), 9/3/25 
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Supplemental Figure S3: Biological replicate 3 of the WT and Pgb1-RNAi lines, biological 
replicate 4 of the WT and 35S:PGB1 lines, and biological replicate 1 of the pgb1-1 line. The 
Ponceau S-stained blot of normoxic and hypoxic cell lysates (left panels), and the accompanying 
blot immunostained with antibodies against the H3 loading control (A, D, E, H, J, M, P, S), 
H3K9ac (B, E, I, K, N, Q, T), and H3K14ac (C, G, L, O, R, U) are shown (right panels). WT 
biolgical replicate 3 includes technical replicates: H3K9ac tech. rep. 1 (A, B), H3K9ac tech. rep. 
2 (D, E), H3K9ac tech. rep. 3 (H, I), H3K9ac tech. rep. 4 (J, K), H3K9ac tech. rep. 5 (M, N), 
H3K9ac tech. rep. 6 (P, Q), H3K9ac tech. rep. 7 (S, T), H3K14ac tech rep 1 (H, C), H3K14ac 
tech. rep. 2 (J, L), H3K14ac tech. rep. 3 (M, O), H3K14ac tech. rep. 4 (S, U) and biological 
replicate 4 includes technical replicates: H3K9ac tech. rep. 1 (D, E), H3K9ac tech. rep. 2 (H, I), 
H3K9ac tech. rep. 3 (J, K), H3K9ac tech. rep 4 (M, N), H3K9ac tech. rep. 5 (P, Q), H3K9ac 
tech. rep. 6 (S, T). Pgb1-RNAi biological replicate 3 includes technical replicates: H3K9ac tech. 
rep. 1 (A, B), H3K9ac tech. rep. 2 (D, E), H3K9ac tech. rep. 3 (F, I), H3K9ac tech. rep. 4 (J,K ), 
H3K9ac tech. rep. 5 (M, N), H3K9ac tech. rep. 6 (P, Q), H3K9ac tech. rep. 7 (S, T), H3K14ac 
tech rep 1 (H, C), H3K14ac tech. rep. 2 (J, L), H3K14ac tech. rep. 3 (M, O). 35S:PGB1 
biological replicate 4 includes technical replicates: H3K9ac tech. rep. 1 (D, E), H3K9ac tech. 
rep. 2 (H, I), H3K9ac tech. rep. 3 (J, K), H3K9ac tech. rep 4 (M, N), H3K9ac tech. rep. 5 (P, Q), 
H3K9ac tech. rep. 6 (S, T), H3K14ac tech. rep. 1 (J, K), H3K14ac tech. rep. 1 (J, L), H3K14ac 
tech. rep. 2 (P, R), H3K14ac tech. rep. 3 (S, U). pgb1-1 biological replicate 1 includes technical 
replicates: H3K9ac tech. rep. 1 (D, E), H3K9ac tech. rep. 2 (H, I), H3K9ac tech. rep. 3 (J, K), 
H3K9ac tech. rep 4 (M, N), H3K9ac tech. rep. 5 (P, Q), H3K9ac tech. rep. 6 (S, T), H3K14ac 
tech. rep. 1 (H, G), H3K14ac tech. rep. 2 (J, L), H3K14ac tech. rep. 3 (P, R), H3K14ac tech. rep. 
4 (S, U). Abcam mouse anti-H3 (cat# 10799) primary antibody and Invitrogen goat anti-mouse 
(cat# 31430) were used for the H3 blots (A, D, E, H, J, M, P, S). Abcam rabbit anti-H3K9ac 
(cat# ab32129) primary antibody and Invitrogen goat anti-rabbit secondary (cat# 32460) were 
used for the H3K9ac blots (B, E, I, K, N, Q, T). Abcam rabbit anti-H3K14ac (cat# ab52946) was 
used for all H3K14ac blots (C, G, L, O, R, U). An Invitrogen goat anti-rabbit (cat# 32460) 
secondary antibody were used for the H3K14ac blots. The values above each band represent the 
band intensity value (band volume/band area) provided by the Azure SpotPro software. 
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Supplemental Figure 48 – H3K9ac Bio Rep 5 (tech rep 1), 9-10 
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Supplemental Figure 47 – H3 loading control Bio Rep 5 (tech rep 1), 9-10 
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Supplemental Figure 49 – H3K14ac Bio Rep 5 (tech rep 1), 9-10 
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Supplemental Figure 50 – H3 loading control Bio Rep 5 (tech rep 2 K9ac and K14ac), 9-11 
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Supplemental Figure 51 – H3K9ac Bio Rep 5 (tech rep 1), 9-10 
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Supplemental Figure 52 – H3K14ac Bio Rep 5 (tech rep 2), 9-11
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 Supplemental Figure 53 – H3 loading control Bio Rep 5 (tech rep 3), 9-16 
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Supplemental Figure 54 – H3K9ac Bio Rep 5 (tech rep 3), 9-16 

25

15

10

20

37
50
75
100

La
dd

er
 (k

D
a)

N    H   N    H   N    H

35S:PGB1 
Biological 
Replicate 4pg

b1
-1

 B
io

lo
gi

ca
l R

ep
lic

at
e 

2

H3K9ac

Wild-type 
Biological 
Replicate 5 pg

b1
-1

 B
io

lo
gi

ca
l R

ep
lic

at
e 

2

La
dd

er
 (k

D
a)

N    H   N    H   N    H

35S:PGB1 
Biological 
Replicate 4pg

b1
-1

 B
io

lo
gi

ca
l R

ep
lic

at
e 

2

Wild-type 
Biological 
Replicate 5 pg

b1
-1

 B
io

lo
gi

ca
l R

ep
lic

at
e 

2

15.8  54.2   28.3  24.6  51.7  45.3

H   

Supplemental Figure 55 – H3K14ac Bio Rep 5, 9-16 (tech rep 3) 
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Supplemental Figure 56 – H3 loading control Bio Rep 5 (tech rep 4 K9ac, tech rep 4 K14ac Pgb up 
only), 9-17 
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Supplemental Figure 57 – H3K9ac Bio Rep 7 (tech rep 4), 9-17 
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Supplemental Figure 58 – H3K14ac Bio Rep 5 (tech rep 4 Pgb up only), 9-17  
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Supplemental Figure S4: Biological replicate 5 of the WT and 35S:PGB1 lines, and biological 
replicate 2 of the pgb1-1 line. The Ponceau S-stained blot of normoxic and hypoxic cell lysates 
(left panels), and the accompanying blot immunostained with antibodies against the H3 loading 
control (A, D, G, J), H3K9ac (B, E, H, K), and H3K14ac (C, F, I, L) are shown (right panels). 
WT biolgical replicate 5 includes technical replicates: tech. rep. 1 (A, B, C), tech. rep. 2 (D, E, 
F), tech. rep 3 (G, H, I), H3K9ac tech. rep 4 (J, K). 35S:PGB1 biological replicate 5 includes 
technical replicates: tech. rep. 1 (A, B, C), tech. rep. 2 (D, E, F), tech. rep 3 (G, H, I), tech. rep 4 
(J, K, L). pgb1-1 biological replicate 2 includes technical replicates: tech. rep. 1 (A, B, C), tech. 
rep. 2 (D, E, F), tech. rep 3 (G, H, I), H3K9ac tech. rep 4 (J, K). Abcam mouse anti-H3 (cat# 
10799) primary antibody and Invitrogen goat anti-mouse (cat# 31430) were used for the H3 blots 
(A, D, G, J). Abcam rabbit anti-H3K9ac (cat# ab32129) primary antibody and Invitrogen goat 
anti-rabbit secondary (cat# 32460) were used for the H3K9ac blots (B, E, H, K). Abcam rabbit 
anti-H3K14ac (cat# ab52946) was used for all H3K14ac blots (C, F, I, L). An Invitrogen goat 
anti-rabbit (cat# 32460) secondary antibody were used for the H3K14ac blots. The values above 
each band represent the band intensity value (band volume/band area) provided by the Azure 
SpotPro software. 

 

 

 


