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Chapter 1

General introduction

Abstract

Increasing flooding events have detrimental impacts on food security amidst a growing 
global population. Complete submergence of plants represents the most severe form 
of flooding stress and studies on it have revealed how plants respond underwater to 
the low oxygen and low light availability imposed by the stress. However, relatively less 
research has focused on the post-submergence phase, which is important to consider 
how plants can resume vegetative growth even after enduring submergence and 
post-submergence stressors. This introduction highlights the current knowledge on the 
physiological and molecular responses of plants following de-submergence. Interplays 
of reactive oxygen species, energy reserves crisis, photoinhibition, desiccation stress, 
and hormonal responses have been shown to contribute to post-submergence stress 
responses. Further elucidation of post-submergence molecular adaptations is highly 
relevant for improving submergence tolerance in crop plants.
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Flooding hinders maximal crop production
In recent decades, global warming has caused significant increases in the occurrence 
of several abiotic stresses with severe consequences for agriculture and thus food 
production. Flooding is one particular extreme weather event on the rise, which is 
defined by excessive water levels. The exponential increase of flooding events in the 
last six decades has posed significant challenges for crop production worldwide (Bailey-
Serres et al., 2012a). According to the Food and Agriculture Organization of the United 
Nations (FAO), flooding has accounted for 39% of crop loss worldwide from 2003 to 2013, 
putting food security at risk especially in poorly developed countries.

Flooding can refer to either root inundation (waterlogging) or partial or 
complete shoot submergence (Sasidharan et al., 2017). Although waterlogging and 
partial submergence occur more frequently, complete submergence events also 
occur in nature and can be more stressful for plants. The severity of submergence stress 
can depend on the water depth, whether the floodwater is freshwater or saline, and 
stagnancy or turbidity of the water. Submergence can occur from flash floods (a sudden 
flood due to heavy rain at low elevation areas) or storm surges (highly turbid tsunami-
like rise in water levels caused primarily  by strong  winds  from  a  hurricane  or   tropical  
storm) (Bailey-Serres et al., 2012b). Rainfed lowland rice varieties are cultivated in paddy 
fields with water depths between 5 to 25 cm, but flash flooding during monsoon seasons 
can increase water levels to more than 50 cm, causing rice to be completely submerged 
(Bailey-Serres et al., 2010). Early-planted crops in lowland areas are particularly affected 
and young seedlings are susceptible to complete submergence during heavy rains or if 
flooding occurs early in the growing season.

Unlike waterlogging, where only the roots are directly affected, submergence 
of the shoot can result in compromised photosynthesis and aerobic respiration due to 
low light availability in murky or deep floodwaters and restricted underwater diffusion 
of gases such as oxygen and carbon dioxide (Jackson, 1985; Voesenek and Bailey-
Serres, 2015). As oxygen levels decline, plants may switch to anaerobic metabolism to 
maintain survival, but this inefficient mode of energy generation coupled with reduced 
photosynthesis causes a crisis of carbohydrate and energy reserves. 
 Submergence results in rapid accumulation of the gaseous hormone ethylene 
in the plant due to slow gas diffusion preventing basal levels of ethylene from escaping 
under water (Jackson, 1985). This ethylene accumulation is an important trigger for 
several adaptive strategies (Sasidharan and Voesenek, 2015). Since oxygen deprivation 
is a major problem associated with flooding, survival strategies are directed towards 
dealing with associated hypoxic conditions. Flood tolerant plants show survival strategies 
that can be broadly classified as low oxygen escape and low oxygen quiescence 
(Voesenek and Bailey-Serres, 2015). The escape strategy is exemplified by Rumex 
palustris and the C9285 deepwater rice variety, which use ethylene as an early signal 
during submergence to outgrow the water level and prolong survival (Hattori et al., 
2009; van Veen et al., 2013). Quiescence is an alternative submergence coping strategy 
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also mediated by ethylene in which the plant hinders underwater growth and slows 
down energy metabolism (Xu et al., 2006). By doing so, plants retain resources to resume 
growth upon water recession. This strategy has been displayed in some rice varieties 
such as FR13A (Fukao and Bailey-Serres, 2008; Singh et al., 2010).

Post-submergence recovery
Flooding stress consists of two phases: the submergence phase and the post-
submergence recovery phase. Much research has investigated plant responses to 
submergence stress, but fewer studies have focused on how plants recover after de-
submergence. Interestingly, many studies with a focus on the submergence phase may 
have unconsciously included the recovery phase. A plant may be able to survive long 
periods under water, but if it cannot resume vegetative growth post-submergence, 
the plant ultimately cannot be considered submergence tolerant. During the post-
submergence period plants are exposed to additional external stressors due to the shift 
from an underwater environment to an air environment with higher light and oxygen 
levels, which can trigger specific molecular changes resulting in damages to the plant 
(Tamang and Fukao, 2015). This damage caused upon sudden re-exposure to oxygen 
has been defined as post-anoxic injury (Monk et al., 1987a; Crawford et al., 1994). Post-
anoxic injury has been studied in plant experimental systems using anoxia or hypoxia (as 
a mimic for flooding), followed by recovery under oxygen replete conditions. However, 
reoxygenation of hypoxia-treated plants may not induce the post-submergence 
symptoms as observed when plants are actually submerged in water. Submergence 
can be accompanied by reduction in light intensity, additional hydrostatic pressure in 
deep waters, mechanical stress in turbid water, decrease in leaf water potential, and 
increase in stomatal resistance (Naidoo, 1983). Submerged plants may also be exposed 
to pathogens, either in the soil or water. Post-submergence experiments also involve 
additional recovery time for waterlogged roots before the soil is fully drained of water. 
Hence, submergence involves additional stressors that may not be inducible in hypoxic/
anoxic studies.

Post-submergence reactive oxygen species formation
Reactive oxygen species (ROS) are highly reactive molecules that are normal by-
products of aerobic metabolism (Mittler, 2002; Demidchik, 2015). ROS are formed by the 
stepwise 1 to 3 electron (e−) reduction of molecular oxygen and includes superoxide 
radical (O2

•−), hydroxyl radical (•OH), hydroperoxyl radical (HO2) and ozone (O3). ROS 
are produced at several sites within the cell especially in organelles with highly oxidizing 
metabolic activity (i.e. chloroplast) or high rates of e− flow (i.e. mitochondrial electron 
transport chain). Non-radical ROS molecules are also generated by these processes, 
including singlet oxygen (1O2), hydrogen peroxide (H2O2), and hydroxyl anion (HO−). 
Some ROS molecules such as H2O2 can cross membranes by diffusion or transported 
by aquaporins, thus the entire plant cell can be affected by ROS (Bienert et al., 2007; 
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Borisova et al., 2012). ROS molecules break down proteins, lipids, and nucleic acids, and 
damage cell walls, membranes, and organelles, ultimately killing affected cells.

ROS in plant cells are normally controlled by a balance between production and 
removal. Oxidative stress occurs when ROS production exceeds scavenging. Tolerant 
plant cells have defense mechanisms to ameliorate the harmful effects of ROS through 
effective antioxidant systems. Antioxidants are key molecules for plant defense against 
ROS. There are three main antioxidant defense systems, the first involving non-enzymatic 
low molecular mass antioxidants to scavenge ROS, including ascorbate, glutathione, 
phenolic compounds, and tocopherols (Wollenweber-Ratzer and Crawford, 1994; 
Blokhina et al., 2003). These compounds have a monohydroxy or polyhydroxy phenol 
group in their chemical structure to delay lipid peroxidation (Noori, 2012). Another 
method of ROS defense occurs through enzymatic antioxidants associated with a 
redox pair recycling system to regenerate the reduced forms of antioxidants. These 
enzymes can be part of the ascorbate-glutathione antioxidant cycle to detoxify H2O2, 

and antioxidant enzymes serve to convert the substrates in this cycle (ascorbate, 
glutathione, and NADPH) between oxidized and reduced forms (Chew et al., 2003). 
ROS scavenging enzymes can also detoxify ROS directly through superoxide dismutase 
(SOD), catalase (CAT), and peroxidases. Antioxidants can be further categorized into 
primary antioxidants, which are water soluble (i.e. ascorbate and glutathione) and 
lipid soluble (i.e. tocopherols), and secondary antioxidants which directly detoxify ROS 
by decreasing levels of peroxide anions and by supplying NADPH and glutathione for 
metabolic activities of primary antioxidants (Noori, 2012). Another class of antioxidants 
(i.e. transferrin, ferritin, metallothionein) serves to sequester transition metal ions that can 
bind with ROS radicals to form more reactive metabolites.

When water levels recede after a flood, the combination of re-illumination and 
the sudden burst of oxygen when the plant is de-submerged cause excessive formation 
of ROS. The high light availability and increased oxygen uptake can accelerate 
mitochondrial and photosynthetic activities associated with ROS accumulation, causing 
dysfunctions in electron transport chains (electron leakage) and other membrane-
associated processes to promote additional ROS formation (Smirnoff, 1995; Roach 
et al., 2015). ROS production in Arabidopsis seedlings occurs predominantly at the 
plasma membrane through the NADPH oxidases/respiratory burst oxidase homologs 
(RBOH) (Pucciariello et al., 2012). Hypoxic conditions also induce the mitochondria of 
Arabidopsis seedlings to release ROS, and excess ROS can hinder the final electron 
transfer reaction thereby resulting in even higher ROS accumulation (Chang et al., 2012). 
Upon reoxygenation, the reaction of oxygen with the ROS-related byproducts produced 
during anoxia or hypoxia triggers additional ROS formation. ROS also forms during 
reoxygenation in response to high-energy demands of the reactivated metabolism in 
plant cells, especially though processes in the mitochondria and chloroplasts. During 
the post-submergence phase, excessive ROS accumulation likely occurs due to a 
combination of reduced scavenging capacity and increased production (Rhoads et 
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al., 2006; Blokhina and Fagerstedt, 2010; Shapiguzov et al., 2012).
Reoxygenation has been shown to induce oxidative stress in various plant 

species. Levels of malondialdehyde (MDA) is indicative of lipid peroxidation due to ROS 
damage, and accumulated upon de-submergence in soybean (Tamang et al. 2014) 
and rice seedlings recovering from submergence (Fukao et al., 2011). A H2O2 burst was 
observed after de-submergence of the wetland species Alternanthera philoxeroides 
after 20 days of submergence (Luo et al., 2012). In Arabidopsis seedlings, a post-anoxia 
H2O2 burst was associated with NADPH oxidase activity (Pucciariello et al., 2012).

Reoxygenation induces the expression of several ROS detoxifying genes 
(Tamang et al., 2014; Tsai et al., 2014) and upregulates ROS scavenging activity in several 
plant species. In soybean seedlings, genes associated with ROS detoxification including 
SOD, ascorbate peroxidase (APX), glutathione S-transferase, and metallothionein were 
significantly upregulated after de-submergence (Tamang et al., 2014). Antioxidant 
enzymes with direct ROS interaction has been shown in post-anoxic soybean seedlings 
displaying a negative correlation between the amount of superoxide ions and SOD 
activity (VanToai and Bolles, 1991). Higher ROS-ameliorating enzyme activity of SOD, 
APX, CAT, and glutathione reductase also improved recovery of submerged rice 
seedlings (Ushimaru et al., 1992; Ella et al., 2003a; Upadhyay et al., 2010). Rice seedlings 
have also been shown to have elevated monodehydroascorbate reductase (MDAR) 
and dehydroascorbate reductase (DHAR) levels to regenerate the active forms of the 
antioxidants through the ascorbate-glutathione antioxidant cycle (Ushimaru et al., 1992; 
Ella et al., 2003a). Increased antioxidant activity during reoxygenation is linked to higher 
submergence tolerance, as observed in SOD induction in rhizomes of submergence 
tolerant Iris pseudacorus but not in the submergence intolerant Iris germanica (Monk 
et al., 1987b). Prevention of oxidative stress damage during reoxygenation was more 
effective in rice containing the SUB1A submergence tolerance gene (Fukao et al., 2011). 
Oxidative stress induced by methyl viologen application induced mRNA accumulation 
of the rice catalase genes CatA and CatB, ascorbate peroxidases APX1 and APX2, 
and superoxide dismutase SodA1 to higher levels in submergence tolerant SUB1A rice 
compared to lines lacking SUB1A (Fukao et al., 2011). Accordingly, SUB1A rice had 
lower ROS production and MDA accumulation upon de-submergence. Alternanthera 
philoxeroides also scavenged O2

•− and H2O2 through increased SOD, CAT, and ascorbic 
acid (AsA) activity (Luo et al., 2012). Roots of wheat (Triticum aestivum L.) seedlings also 
had elevated APX and glutathione reductase levels up to 16 hours during re-aeration 
following 2 and 4 days of anoxia (Biemelt et al., 1998). Levels of peroxidase activity 
and haloacid dehalogenase-acid phosphatase for detoxification of phosphorylated 
compounds were suppressed during submergence but activated to significantly high 
levels upon de-submergence in  soybean hypocotyls and roots (Khan et al., 2014; Khan 
et al., 2015; Khan and Komatsu, 2016). However, some antioxidants may act in an 
organ-specific manner. For instance, beta-ketoacyl reductase activity increased only 
in the hypocotyls and not in the roots during post-submergence (Khan et al., 2015). 
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Beta-ketoacyl reductase activity is associated with fatty acid elongation, thus forming 
a protective cuticular wax barrier on the leaf surface to protect cell wall integrity and 
possibly protection against post-submergence pathogens (Beaudoin et al., 2009). 

An active ROS-scavenging system by means of increased antioxidant levels 
and ROS-ameliorating enzyme activity alleviates post-submergence damage, but the 
by-products of scavenging reactions can be harmful too. For example, CAT activity 
to detoxify H2O2 can also produce acetaldehyde as a toxic byproduct from using 
ethanol as a substrate (Boamfa et al., 2005). Acetaldehyde accumulation is harmful 
since it forms adducts with proteins and nucleic acids. In Hemarthria altissima and A. 
philoxeroides, de-submergence caused a transient burst of acetaldehyde production 
through oxidation of ethanol as an end product of ethanolic fermentation. Yet, both 
species were able to reverse acetaldehyde accumulation, probably through oxidation 
by acetaldehyde dehydrogenase.

Despite the activation of ROS protective mechanisms, excessive ROS levels 
can overwhelm the scavenging capacity of a plant cell, and a balance between ROS 
production and alleviation must be maintained during post-submergence recovery. 
While ROS formation may occur during both submergence and/or post-submergence 
conditions, efficient detoxification of the excessive ROS primarily occur upon 
reoxygenation. Therefore, higher antioxidant content or activity is required for better 
post-submergence recovery. 

Post-submergence conditions cause photoinhibition 
During the shift from the submerged to air conditions, the sudden burst of oxygen is 
combined with a shift to high light intensity, which can damage the photosynthetic 
apparatus previously acclimated to low light levels under water. This damage induced 
by high light levels is termed photoinhibition. ROS production in photosystem I (PSI) and 
II (PSII) located in the thylakoids can be induced by strong light, which inactivates the 
reaction centers of the photosystems (Pospíšil, 2009). ROS production may also inhibit the 
synthesis of new proteins required for the repair of photodamaged PSII (Murata et al., 
2007). Both intense light levels and the burst of oxygen, combined with ROS production 
from re-illumination and reoxygenation cause lipid peroxidation, which further induces 
production of the ROS singlet oxygen in the subunits of the light-harvesting complex of 
photosystem (Chan et al., 2012; Steffens et al., 2013). Oxidative stress can cause the 
breakdown of chlorophyll, as shown in methyl viologen-treated rice plants (Fukao et 
al., 2011). Photoinhibition from high light levels and ROS damage limits the functionality 
of the photosynthetic apparatus and ultimately hinders plant growth. Recovery from 
PSII photodamage is essential; otherwise, leaf senescence and cell death occurs (Kato 
et al., 2014). Excessive post-submergence carbohydrate reserves utilization may be 
compounded with carbohydrates used up during submergence to meet physiological 
energy requirements. A crisis of carbohydrate reserves can make plant species more 
susceptible to other stressors post-submergence. 
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Effective PSII photochemistry is essential to replace energy reserves lost during 
submergence and synthesize new carbohydrate resources during post-submergence 
recovery. The level of PSII photochemistry can be measured by the maximal quantum 
yield of PSII (Fv/Fm), in which the quantum yield represents the probability that the 
energy of a photon absorbed will be used in the photosynthetic electron transport chain 
(Murchie and Lawson, 2013). A high Fv/Fm value of approximately 0.83 in unstressed 
plants indicates full photosynthetic efficiency.

De-submergence of two flood-tolerant riparian species H. altissima and A. 
philoxeroides showed significant reduction in Fv/Fm and non-photochemical energy 
quenching (NPQ, a process to dissipate excess light energy as heat) (Luo et al., 2009; 
Luo et al., 2011). Yet the plants eventually recovered the Fv/Fm and NPQ values. A. 
philoxeroides had depleted total soluble sugars (glucose, fructose, and sucrose) and 
fructans under submergence, but by the third day of post-submergence recovery, these 
levels increased to higher than pre-submergence levels in the leaves, stems, and roots 
(Ye et al., 2016). Since fructan is the major carbohydrate reserve in A. philoxeroides, 
recovery of these storage polysaccharides through improved photosynthesis is an 
important element of submergence tolerance. Soluble sugar and starch content in leaves 
and roots of Distylium chinense (evergreen shrub) seedlings were also decreased by 
submergence, but rapid restoration of soluble sugar content during the de-submergence 
period contributed to seedling regrowth (Liu et al., 2015). Tolerant species have higher 
efficiency of replenishing energy for regeneration, as observed in the submergence 
tolerant Polygonum hydropiper (water pepper) compared to submergence-sensitive 
Carex argy (Qin et al., 2013). Non-structural carbohydrate content decreased in these 
three species under submergence, but the tolerant P. hydropiper replenished more 
soluble sugar content and starch following de-submergence, resulting in higher biomass 
accumulation and survival rates.

In rice plants, post-submergence carbohydrate status in the aerial stem is 
the top criteria for tolerance, as carbohydrate depletion may result in less internode 
elongation so less tillers and seeds are produced (Banerjee et al., 2015). Maintenance 
of non-structural carbohydrate content in rice seedlings during submergence is vital 
for their post-submergence regeneration growth (Das et al. 2005). Submergence 
causes a decline in carbohydrate reserves in all rice varieties, but flood-tolerant rice 
varieties have better control of carbohydrate starvation by restricting underwater 
shoot elongation, as observed in Sub1 cultivars (Fukao et al., 2006; Gautam et al., 
2016). SUB1A rice maintained non-photochemical energy quenching more effectively 
and induced faster recovery of dark-adapted Fv/Fm and quantum yield of PSII upon 
de-submergence (Alpuerto et al., 2016). During dark-induced senescence, SUB1A 
also delayed loss of chlorophyll and carbohydrate reserves (Fukao et al., 2012). In 
Swarna(Sub1) rice, the antioxidative protection prevented oxidative stress-induced 
damage to the photosynthetic apparatus upon de-submergence,  resulting in less 
chlorophyll degradation and higher photosynthetic activity and stomatal conductance 
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1 day after de-submergence (Panda and Sarkar, 2012). Submergence tolerant indica 
rice cultivars also showed correlation of ascorbate content and antioxidant enzyme 
activities limiting oxidative damage with higher chlorophyll content, Rubisco activity, 
and CO2 photosynthetic rate (Panda and Sarkar, 2013). 

Recovery from photoinhibition may be age-dependent. In field bean (Vicia 
faba L. minor), photosynthesis and stomatal conductance was strongly reduced within 
the first 6 days after de-submergence (Pociecha et al., 2008). Young seedlings had 
lower Fv/Fm values, reflecting more severe damage to the photosynthetic apparatus, 
while more mature 4-week-old seedlings were able to recover Fv/Fm quicker upon soil 
drainage. Hence, recovery of the photosynthesis apparatus upon de-submergence is 
vital for replenishing the carbohydrate energy supplies depleted during submergence, 
and for resuming photosynthesis and growth. Tolerant species have more effective 
post-submergence photosynthetic acclimation through quick adjustment of the 
photosynthetic electron transport system and adequately dissipating excess light 
energy. More efficient photosynthetic processes can then support post-submergence 
regrowth from newly synthesized carbohydrates. 

Dehydration stress as a downstream response to post-submergence
The shoots of plants may experience desiccation stress upon de-submergence even 
though the soil is saturated with water. Desiccation stress is a downstream consequence 
of post-submergence stress. The root system may be damaged from waterlogging 
or submergence conditions, thus it cannot function optimally post-submergence. 
Submergence and post-submergence conditions can decrease the hydraulic 
conductance of the roots (Lpr), which reflects the ability of roots to take up water via 
changes in membrane permeability (Shahzad et al., 2016). Lpr involves water absorption 
through transmembrane aquaporin proteins (Tournaire-Roux et al., 2003; del Carmen 
Martinez-Ballesta et al., 2011; Vadez, 2014). The inability to take up water due to root 
damage or reduced hydraulic conductance can cause the shoot tissues to experience 
drought stress. Plants recovering from submergence often display drought-like symptoms, 
such as leaf rolling, wilting, and a decrease in relative water content (RWC; measure of 
leaf hydration status) (Fukao et al., 2011; Alpuerto et al., 2016). 

The dehydration stress induced upon de-submergence triggers stomatal 
closure to offset transpirational water loss. In the rice cultivar IR42 that rapidly elongates 
during complete submergence, hydraulic conductivity of the leaf sheath decreased 
significantly upon de-submergence, reflecting the low conductivity of water flow in the 
xylem (Setter et al., 2010). Leaves attempt to prevent water loss by closing stomata and 
this is reflected in decreased stomatal conductance during recovery (Alpuerto et al., 
2016). Although this stomata closure offsets water loss caused by reduced root function, 
it also limits gas exchange, and the prevention of CO2 uptake can hinder photosynthesis 
critical for post-submergence recovery. A transcription factor from sunflower (Helianthus 
annuus L.) HaWRKY76 was highly upregulated in sunflower seedlings after mild drought 
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stress and in 15-day old sunflower plantlets upon 1 hour of de-submergence following 
11 days of submergence (Raineri et al., 2015). Since the HaWRKY76 transcript levels 
were only significantly increased during submergence recovery, there is a role of this 
transcription factor specific to post-submergence conditions in response to desiccation 
stress. Overexpression lines of Arabidopsis HaWRKY76 submerged for 5 days with 1 day 
of recovery showed less leaf water loss than the wildtype and ultimately had higher 
seed yields. This was achieved through induction of stomatal closure and higher cell 
membrane stability.

These studies support that leaf dehydration is inherent to post-submergence 
stress that can severely limit photosynthesis, but survival of aerial tissue can be improved 
by control of stomatal aperture and induction of dehydration-responsive genes to 
prevent water loss. Drought tolerant varieties might therefore have better submergence 
recovery.

Hormonal regulation of post-submergence recovery
While the molecular mechanisms mediating post-submergence recovery are still 
being unraveled, it is becoming increasingly clear that molecular responses during 
reoxygenation involve several interacting hormonal pathways. Ethylene is an important 
upstream hormonal regulator of adaptive responses to submergence stress (Voesenek 
and Sasidharan, 2013; Sasidharan and Voesenek, 2015), primarily via the group VII 
ethylene response transcription factors (ERFVIIs) (Gibbs et al., 2015). Group VII ERFs have 
been shown to mediate oxygen sensing in Arabidopsis and the adaptive escape or 
quiescence survival strategies in rice (Fukao et al., 2006; Xu et al., 2006; Hattori et al., 2009). 
In contrast, less is known about the role of ethylene during post-submergence recovery. 
A surge of ethylene production upon de-submergence was measured in five Rumex 
species, with the highest burst of ethylene occurring in R. palustris and R. maritimus, two 
species employing a submergence-escape strategy through shoot elongation (Voesenek 
et al., 2003; Ravanbakhsh et al., 2017). The post-submergence ethylene production was 
caused by accumulation of the ethylene precursor 1-aminocyclopropane-1-carboxylic 
acid (ACC) in roots and shoots during submergence, and de novo ACC production in 
the shoot upon de-submergence. Ethylene production after reoxygenation promoted 
further shoot growth and development in R. palustris during recovery. A burst of post-
submergence ethylene production was also observed in rice (Khan et al., 1987). Ethylene 
accumulated to very high levels within the first hour after de-submergence following 
complete submergence, but partial submergence did not promote as much ethylene 
production upon reoxygenation. 
 The ethylene-inducible SUB1A gene that confers submergence tolerance in 
rice also improved post-submergence recovery by restricting oxidative and dehydration 
stress (Fukao et al., 2011). Upon de-submergence, SUB1A rice genotypes showed a much 
higher upregulation of dehydration-response genes than genotypes lacking SUB1A. 
Under both drought and post-submergence recovery, SUB1A increased abscisic acid 
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(ABA) responsiveness, reduced water loss, and increased gene expression associated 
with dehydration acclimation.

Ethylene was also found to be essential for the post-anoxic response in 
Arabidopsis seedlings (Tsai et al., 2014). Upon reoxygenation, ethylene biosynthetic 
genes and ERFs, including two group IX ERFs ERF1 and ERF2, were highly induced. 
Accordingly, two ethylene-insensitive (ein) mutants ein2-5 and ein3eil1 (ETHYLENE-
INSENSITIVE3/ETHYLENE INSENSITIVE3-LIKE1) were found to be more sensitive to post-
anoxic stress compared to wildtype Col-0 seedlings. Microarray analyses revealed 
that the regulation of several molecular processes occurring during reoxygenation 
in the wildtype were impaired in the ethylene-insensitive mutants. These included 
responses to jasmonic acid (JA), ABA, heat, and dehydration (Tsai et al., 2014). 
Ethylene was suggested to play a role in inhibiting ABA signaling during reoxygenation. 
However, ethylene also activated ABA-independent dehydration regulators including 
several DEHYDRATION-RESPONSIVE ELEMENT-BINDING (DREB) transcription factors. 
This suggests that although ethylene suppressed ABA signaling, it can still regulate 
dehydration responses during reoxygenation via ABA-independent regulators. This 
transcriptomic survey also indicated a role for ethylene in antagonizing JA function 
during reoxygenation. This does not reconcile with a positive role for ethylene during 
reoxygenation since JA is proposed to restrict oxidative stress occurring during post-
anoxia, particularly through enhancing antioxidant activity. Yuan et al. (2017) reported 
increased JA levels upon de-submergence in Arabidopsis plants submerged for two 
days, coinciding with accumulation of JA biosynthesis gene transcripts. JA signaling 
further activated expression of antioxidant-related genes, thus improving the plant’s 
tolerance to oxidative stress induced upon reoxygenation. Accordingly, exogenous 
methyl jasmonate application on plants prior to submergence improved tolerance to 
reoxygenation. Soybean root and hypocotyl flooded with JA showed increased acid 
phosphatase, nucleotidylyl transferase, and beta-ketoacyl reductase activity during 
submergence recovery, suggesting a role for JA to alter nucleotide metabolism status for 
protection against oxidative DNA damage during recovery (Khan and Komatsu, 2016). 
Furthermore, Arabidopsis JA biosynthesis or signaling mutants had lower survival rates 
after submergence stress. Knockout mutants for MYC2 (a basic helix-loop-helix leucine 
zipper transcription factor with a key role in JA signaling) particularly showed more 
sensitivity to post-submergence stress. Accordingly, the MYC2 overexpressor showed 
enhanced post-submergence tolerance by inhibiting leaf desiccation stress, which 
pointed to JA involvement in dehydration regulation. Furthermore, MYC2 has been 
shown to physically repress ein3 and eil1, which prevents the functionally redundant 
transcription factors from binding an ethylene response factor (ERF) for ethylene signaling 
(Song et al., 2014). This further supports the antagonistic actions of ethylene and JA to 
regulate genes in response to post-anoxic or post-submergence injuries. This antagonism 
does not mean that either hormone is negative for recovery, but rather a balance of 
phytohormone responses is important for cellular homeostasis during reoxygenation. JA 
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could modulate EIN3 and EIL1 protein abundance to regulate ethylene signaling and 
moderate ethylene-mediated post-submergence responses such as shoot elongation 
growth in submergence-escape species like R. palustris and R. maritimus (Voesenek et 
al., 2003). Conversely ethylene might fine-tune JA responses. JA is essential for promoting 
antioxidant activity to scavenge ROS during post-submergence, but ethylene may 
be required to limit JA-regulated antioxidant biosynthesis when most ROS have been 
eliminated so cellular energy can be directed towards other processes. 
 Ethylene signaling during reoxygenation was also implicated in replenishment 
of the tricarboxylic acid (TCA/Krebs) cycle intermediates in post-anoxic conditions 
when energy reserves are low (Tsai et al., 2014; Tsai et al., 2016). The enzyme PYRUVATE 
ORTHOPHOSPHATE DIKINASE (PPDK) was activated during reoxygenation to regenerate 
phosphoenolpyruvate (PEP) from pyruvate, which further yields the TCA intermediate 
oxaloacetate. Glycolysis can also be maintained during reoxygenation through the 
breakdown of pyruvate and glutamate by alanine aminotransferase (AlaAT) into alanine 
and γ-aminobutyric acid, thus preventing excess accumulation of pyruvate (Rocha et 
al., 2010; Tsai et al., 2016). Reoxygenation also strongly induced the EIN3 downstream 
target glutamate dehydrogenase (GDH) in Arabidopsis. GDH plays a critical role in 
replenishing substrates for the TCA cycle (Tsai et al., 2014; Tsai et al., 2016). GDH converts 
glutamate into 2-oxoketoglutarate (2OG), which further reacts with alanine (previously 
formed from pyruvate by transamination from glutamate) as a substrate for alanine 
breakdown to replenish pyruvate also through the reverse enzyme reaction of AlaAT 
(Figure 1.1). Pyruvate can then re-enter the TCA cycle, thus increasing the TCA cycle 
flux during reoxygenation for energy regeneration through EIN3-mediated ethylene 
signaling.

 

 
 Cytokinin has been shown to play a role in delaying senescence post-
submergence (Huynh et al., 2005). Transgenic Arabidopsis plants (SAG12:ipt) expressing 
a senescence-specific SENESCENCE-ASSOCIATED GENE 12 (SAG12) promoter driving 

Figure 1.1: Ethylene-mediated replenishment of tricarboxylic acid (TCA) cycle intermediates. 
Ethylene induces ETHYLENE INSENSITIVE 3 (EIN3), which targets glutamate dehydrogenase (GDH) for 
converting glutamate into 2-oxoketoglutarate (2OG). 2OG can then be used as a substrate for alanine 
aminotransferase (AlaAT) activity to synthesize more pyruvate as the initial substrate for the citric acid 
cycle. 
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the cytokinin biosynthesis ipt gene had increased endogenous cytokinin content and 
delayed senescence during post-submergence recovery. ipt expression increased 
accumulation of cytokinin only during recovery but not during submergence itself. 
SAG12:ipt plants retained 5 to 8% more chlorophyll during recovery from waterlogging 
and 20% more during recovery from 5 days of submergence. Since these mutants 
showed less senescence-associated damage from submergence, they could retain 
more biomass and recover faster. Creeping bentgrass (Agrostis stolonifera) foliar-
sprayed with cytokinin after 14 days of submergence also showed faster plant growth 
and maintenance of chlorophyll, carbohydrate, and soluble protein contents, as 
reflected in the higher plant height and dry weight (Liu and Jiang, 2016). These studies 
propose a role for cytokinin in delaying senescence-related symptoms caused by post-
submergence conditions. 
 It is clear that post-submergence conditions induce a signaling network of 
plant hormone interactions. The crosstalk between hormones is likely to be important 
in establishing a fine-tuned balance between post-submergence responses, as 
exemplified in ethylene and JA. Upregulation of ABA-regulated dehydration genes also 
indicates an overlap between drought and post-submergence desiccation responses. 
However, the hierarchy of signals and the details of the interactions are unclear and 
discrepancies between studies likely reflects differences specific to the species and 
treatment conditions. 

Outline of this thesis 
Recent studies are beginning to provide a better picture of the processes involved in 
mediating post-submergence recovery (Figure 1.2). It is clear that ROS produced during 
reoxygenation are a major cause of post-flooding injury including photoinhibition, 
dampened carbohydrate replenishment, desiccation stress, and cell death. Successful 
post-submergence recovery requires overcoming oxidative and dehydration stress 
via ROS-scavenging antioxidant activity and appropriate drought response measures 
likely mediated by a network of hormonal interactions. However, we are still far from 
understanding the primary signals regulating recovery, the molecular players involved, 
and why some plants show faster post-submergence recovery. It is important to not 
only identify tolerant traits that distinguish vegetative regrowth upon de-submergence, 
but also gain a mechanistic understanding into the involvement of phytohormones, 
transcription factors, kinase cascades, control of specific gene expression, and other 
regulatory molecular responses. 

The primary goal of this thesis is to gain a better understanding of post-
submergence recovery mechanisms using the model plant Arabidopsis thaliana. This 
species works exceptionally well as a model plant in fundamental research due to its 
shorter life cycle compared to crop plants, extensively sequenced and small genome 
(125 Mb), and its prolific seed production (Koornneef and Meinke, 2010). In addition, 
by exploiting its extensive natural variation in submergence tolerance, Arabidopsis is a 
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valuable model species to compare differences in the molecular processes that define 
plants as being tolerant or intolerant to submergence and post-submergence (Vashisht 
et al., 2011). 

This thesis investigates two Arabidopsis accessions Bay-0 and Lp2-6 with 
contrasting rates of post-submergence recovery (Chapter 2). Chapter 2 describes this 
contrasting post-submergence recovery in these accessions and makes a case for 
using them as a comparative system to elucidate underlying molecular mechanisms. 
The molecular responses mediating observed differences in recovery were further 
characterized at the translation level using Ribosome-sequencing (Chapter 3). Detailed 
bioinformatics analyses of these data identified gene clusters, signaling pathways, 
and hormonal regulators linked to submergence and post-submergence responses in 
the two accessions. Ribosome-sequencing led to identification of post-submergence 
molecular responses related to oxidative stress (Chapter 4), desiccation stress and 
senescence-related responses (Chapter 5). These last two chapters further investigated 
the molecular processes and candidate genes that may be responsible for differences 
in the accessions’ recovery and submergence tolerance.

This research project sheds light on the mechanisms underlying the ability of a 
plant to adapt to submergence stress through mechanisms occurring during the post-
submergence recovery phase. Fundamental research on the plant’s effective strategies 
to cope with submergence and post-submergence will contribute knowledge towards 
generation of more climate resilient crop varieties.

Figure 1.2: Overview of submergence and post-submergence responses. Metabolism is hindered under 
complete submergence due to low gas diffusion and low light levels. During post-submergence, shoot 
and root responses are very different but ROS are formed in both organs. Post-submergence studies 
have implicated hormones in controlling responses to oxidative stress, dampened photosynthesis, 
dehydration stress, and senescence. 
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Abstract

Recovery from complete submergence is dependent not only on plants’ viability under 
water, but also their post-submergence tolerance. Studying the recovery phase provides 
insight into mechanisms for better flooding tolerance. Here post-submergence recovery 
was compared in two Arabidopsis accessions (Bay-0 and Lp2-6) previously classified 
as submergence tolerant and submergence intolerant, respectively. Both accessions 
had similar submergence-mediated damage but differing recovery rates upon de-
submergence. This was characterized in terms of chlorophyll content, chlorophyll 
fluorescence, new leaf development, and seed yield. These distinctions in recovery 
between the accessions were most visible in the intermediate leaves. Furthermore, 
root contribution to recovery was insignificant. These contrasting traits established the 
basis for further molecular characterization of the mechanisms of post-submergence 
recovery.
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Introduction

Flooding is an abiotic stress that is very harmful for most plants. The reason is that gases 
have very slow diffusion rates in water, thus underwater photosynthesis and aerobic 
respiration are severely restricted in flooded plant organs (Marrero and Mason, 1972; 
Jackson, 1985; Pedersen et al., 2013). Depending on the conditions of the floodwater 
(depth, salinity, turbidity), metabolism and cellular respiration can be further 
compounded by low light availability and accumulation of toxic metal ions (Pang et al., 
2007; Voesenek and Bailey-Serres, 2015). Flooding comprises of both waterlogging and 
submergence. Waterlogging refers to water saturation of the soil, leading to oxygen-
deficient conditions (hypoxia) which inhibits root respiration (Jackson, 1985; Parent et 
al., 2008; Ashraf, 2012; Herzog et al., 2016). This seriously impairs root functioning such as 
water and nutrient uptake, causing downstream stress responses. Submergence is even 
more stressful for plants, as aerial tissue normally exposed to air can be partially or fully 
submerged. 

Submergence tolerant plants can employ two contrasting strategies to 
improve their survivability: rapid upwards shoot elongation to outgrow the water level, or 
maintain a quiescence state to preserve carbohydrate levels until the high water level 
recedes. Since the plant cannot efficiently respire or photosynthesize under hypoxic 
conditions underwater, it shifts to anaerobic metabolism, which involves consuming 
more carbohydrate resources than it can produce (VanToai et al., 1987; Liao and Lin, 
1995). The resulting carbohydrate crisis can hinder recovery even when the plant is no 
longer flooded. 

The majority of research on flooding stress has focused only on the submergence 
phase, but fewer studies have investigated the recovery period after the floodwater 
recedes (post-submergence stress). A plant’s survival of flooding stress is dependent on 
acclimating to both submergence and post-submergence phases. 

Post-submergence conditions contribute additional stress to the plant. Even 
though the plant is no longer flooded, the damages incurred during submergence 
are compounded upon reoxygenation. The combined effect of the return to high light 
levels and the sudden burst of oxygen when the plant is re-exposed to the air likely 
contributes to unbalanced formation of reactive oxygen species (ROS) (Blokhina et al., 
2003; Steffens et al., 2013). ROS can exist as free radicals with an unpaired electron 
(i.e. superoxide anion O2

•−, hydroxyl radical OH•, peroxide O2
•−2) or non-radicals (i.e. 

hydrogen peroxide H2O2, hydroxyl anion OH−) (Halliwell, 2006). These damaging 
molecules break down lipid chain structures and cell walls of important plant organelles. 
ROS also can denature and oxidize proteins, carbohydrates, and nucleic acids, leading 
to breakdown of vital cellular components (Sharma et al., 2012; Tripathy and Oelmüller, 
2012). Post-submergence stress can also break down chlorophyll and chloroplast 
proteins. Free chlorophyll generates more ROS, thus initiating a positive feedback loop 
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of ROS production (Hörtensteiner and Kräutler, 2011; Ambastha et al., 2015; Nowaczyk 
and Plumeré, 2016). Post-submergence damage ultimately causes photoinhibition, and 
leaves will undergo chlorosis and dehydration. 

In addition to oxidative stress damage, both roots and shoots can experience 
dehydration even though the soil has sufficient water after waterlogging or submergence. 
More specifically, water uptake of roots can be hampered by damaged transmembrane 
aquaporin proteins caused by oxidative stress (Blokhina et al., 2003; Sharma et al., 2012; 
Bose et al., 2014). Flooding-induced reduction of hydraulic conductance in the roots 
also inhibits the roots’ ability to absorb water by changes in membrane permeability 
(del Carmen Martinez-Ballesta et al., 2011; Vadez, 2014). These damaged roots 
may prevent even the transfer of water to the shoot, hence aerial tissues may sense 
drought stress due to hydraulic signaling. There may also be chemical signals from the 
root to shoot under water deficit conditions, for instance increased ethylene levels or 
altered ABA:cytokinin ratios (Schachtman and Goodger, 2008). When damage from 
dehydration is too severe, leaves can no longer recover and death of the shoot will 
cause fatal damage to the root system as well. Leaves can still undergo desiccation 
stress even if the root can maintain normal water transport processes. ROS may severely 
damage the photosynthetic apparatus, thus leaves may no longer be able to maintain 
optimal gas exchange. In addition, damaged stomata may not be able to prevent 
excessive transpiration. Water content in the leaves has been shown to decrease when 
plants are de-submerged, but leaves can return to their normal water status depending 
on the tolerance of the plant and the duration of submergence (Setter et al., 2010; 
Fukao et al., 2011).

As a result of the damaging effects of ROS and dehydration, many crop plants 
are intolerant to flooding, including rice (Oryza sativa; Ismail et al., 2009), maize (Zea 
mays; Yordanova and Popova, 2007), soybean (Glycine max; VanToai et al., 1994), and 
wheat (Triticum spp.; Trought and Drew, 1980). Yet, some varieties of cultivated crop 
species have flooding-tolerant traits. For example, the SUBMERGENCE 1 locus (SUB1) from 
the submergence tolerant O. sativa ssp. indica cultivar FR13A allows rice to survive for up 
to 2 weeks of complete submergence due to its inhibition of underwater elongation thus 
postponing an energy crisis (Xu et al., 2006). Introgression of the SUB1 region into other 
rice varieties through marker-assisted breeding improved survivability of the crop after 
flooding, thus ultimately providing a grain yield advantage (Bailey-Serres et al., 2010). 
As observed in the SUB1 example, studying variation in flooding tolerance in naturally 
occurring landraces allows for identification of tolerance mechanisms.

Due to extensive natural variation, Arabidopsis thaliana is a valuable model 
species to provide more mechanistic insights into flooding tolerance mechanisms. In a 
study of natural variation in submergence tolerance, 86 Arabidopsis accessions were 
subjected to differing lengths of complete submergence under dark conditions (Vashisht 
et al., 2011). The median lethal time for each accession was calculated (given as LT50, 
the number of days for 50% of the plant population to die). Highly contrasting LT50 values 
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varying between 4 to 11 days revealed a natural genetic diversity for submergence 
tolerance in Arabidopsis. Interestingly, the LT50 values not only took into account the 
plant’s ability to survive under dark submerged conditions, but also the plant’s viability 
for recovery upon de-submergence. Furthermore, Vashisht et al. (2011) selected 5 
submergence tolerant and intolerant accessions to assess for various parameters 
(including internal oxygen concentration; initial carbohydrate content; shoot porosity; 
diameter of the root, hypocotyl, and petiole; elongation of the petiole and hypocotyl; 
and root respiration rates). Accessions with a higher LT50 had less petiole elongation and 
larger root diameter, but respiration rates and pre-submerged carbohydrate contents 
showed no correlation with LT50. However, the survival screening to determine LT50 

values did not distinguish whether the plants died due to submergence stress or post-
submergence stress.

Further investigation of the natural variation in submergence tolerance by 
Vashisht et al. (2011) and van Veen et al. (2016) was narrowed down to the Arabidopsis 
accessions Bay-0 and Lp2-6 due to their differences in response only to post-submergence 
recovery but not during submergence. This study further quantitates and characterizes 
the visible differences of post-submergence recovery observed previously in these two 
accessions. The results confirm that in Bay-0 and Lp2-6: 

1) variation in flooding tolerance is mostly due to post-submergence recovery 
and not only submergence tolerance

2) variation in flooding tolerance is mostly attributed to the shoot and not the 
root

3) within the shoot, intermediate leaves show the strongest variation in 
recovery upon submergence.

Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana seeds of the accessions Bay-0 (accession number CS22633) and 
Lp2-6 (accession number CS22595) provided by the Nottingham Arabidopsis Stock 
Centre (NASC, UK) were sown on a 1 part soil to 2 parts perlite mixture in a square pot (9 
× 9 × 9.5 cm). Seeds were stratified on moist soil for 4 d at 4oC in the dark, after which they 
were transferred into a growth chamber to germinate at short day growth condition of 
a 9 h photoperiod, 20°C, 180 µmol m-2 s-1 photosynthetically active radiation (PAR), and 
a 70% relative humidity.
 For transplantation, round 70 mL pots were filled with 1:2 soil:perlite compost 
mixture enriched with 0.14 mg MgOCaO (17%; Vitasol BV, Stolwijk, The Netherlands) and 
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0.14 mg of slow-release fertilizer (Osmocote; Scotts Europe, Heerlen, The Netherlands). 
Each pot was then covered with a black mesh secured with a rubber band to keep soil 
in the pots intact during submergence treatments. A tray of 42 pots was saturated with 
1 L of Arabidopsis nutrient solution composed of 2.6 mM KNO3, 2.0 mM Ca[NO3]2, 0.6 
mM KH2PO4, 0.9 mM MgSO4, 6.6 µM MnSO4, 2.8 µM ZnSO4, 0.5 µM CuSO4, 66 µM H3BO3, 
0.8 µM Na2MoO4, and 134 µM Fe-EDTA (pH 5.8) (Millenaar et al., 2005). 2-leaf stage 
seedlings were transplanted into separate pots through a small hole in the center of 
the mesh. Pots with seedlings were then placed in the growth chamber (20°C, 180 µmol 
m-2 s-1 PAR, 9 h photoperiod, 70% relative humidity) in a glass-covered tray for 2 d, and 
hereafter transferred to irrigation mats (Maasmond-Westland, Utrecht, The Netherlands) 
for automatic watering once a day at the beginning of the photoperiod.

Submergence and post-submergence treatment
Homogeneous plants of similar developmental characteristics at the 10-leaf stage 
were selected for submergence experiments. For the submergence treatment, large 
plastic tubs (60 × 27 × 40 cm) were first disinfected with a Suma D4 chlorine disinfectant 
tablet (Diversey Inc., Racine, USA) and hot water for at least 6 h or overnight. After 
thoroughly rinsing the tubs, they were filled with water and allowed to sit overnight to 
equilibrate the water temperature to 20°C. Pots were then submerged 2 h after the 
start of the photoperiod and submergence treatment lasted for 5 d in a dark 20°C 
temperature-controlled climate room. Plants were completely submerged during the 
entire experiment in a water depth of approximately 20 cm. Control plants also in tubs 
remained in the climate rooms under normal growth conditions. Plants were then de-
submerged and replaced under normal growth conditions. Post-submergence recovery 
was followed at specified time points.

Dark treatment
Plants at the 10-leaf stage were placed in a dark climate chamber (20°C, 70% relative 
humidity) with well-maintained watering. After 5 d, plants were replaced in short day 
light (9 h photoperiod, 180 µmol m-2 s-1 PAR, 70% relative humidity) in a climate chamber. 
Images were taken at the specified time point of light recovery.

Root length measurements
The entire plant and soil were carefully removed from the pot. Soil was washed away 
from the roots under running water. The primary root length was measured with a ruler, 
starting from the hypocotyl-root junction.

Shoot and root grafting
Grafting of the shoot and root was performed based on the methods of Marsch-Martinez 
et al. (2013). Arabidopsis seeds were surface sterilized with bleach-hydrochloric acid gas 
and then sowed on ½ MS plates containing 1% agar and 0.5% sugar. Seeds on the ½ MS 

2



26

Chapter 2

plates were imbibed at 4°C in the dark for 3 d. Hereafter they were transferred to short 
day light conditions for 6 d. Seedlings were then cut on a 1% agarose plate under sterile 
conditions. A narrow strip of 0.5 cm of agarose was cut from the plate as a supporting 
cutting surface. The seedling’s hypocotyl was positioned over the strip and cut in the 
middle with a syringe needle. The shoot and root to be grafted were joined in a new ½ 
MS plate containing 1% agar and 0.5% sugar. Plates containing the grafted seedlings 
were replaced in short day light conditions (9 h photoperiod, 180 µmol m-2 s-1 PAR) to be 
vertically grown for 10 d. Seedlings without a proper graft junction were discarded if new 
leaves did not form. Adventitious roots were excised before seedlings were transplanted 
into mesh-covered pots containing 1:2 parts soil:perlite mixture. Plants were grown under 
short day conditions until the 10-leaf stage, and then submerged for 5 d in the dark. 
Plant survivability was scored for each graft junction combination after 5 d of recovery. 
The shoot was then excised for dry weight measurements.

Dry weight measurement of shoot tissues
The entire rosette plant was excised at the base (hypocotyl) and dried at 70°C for 2 
d. The dry weight of each plant was determined using a microbalance scale (Mettler 
Toledo MX5, Greifensee, Switzerland).

Chlorophyll measurements
The whole rosette or only intermediate leaves were excised and placed in a 1.5 mL 
microcentrifuge tube. Chlorophyll was removed with 1 mL of 96% DMSO. Samples were 
incubated for 30 min in the dark in a 65°C shaking water bath, and then cooled at room 
temperature in the dark for 30 min. 200 µL of the extract was pipetted into a clear 96-
well microplate. Absorbance at wavelengths of 664, 647, and 750 nm were measured 
with a spectrophotometer plate reader (Synergy HT Multi-Detection Microplate Reader; 
BioTek Instruments Inc., USA). Chlorophyll a and b concentrations in the extract were 
calculated following the equations of Porra et al. (1989), normalized by dry weight:
Chla = [13.71 × (A664 – A750)] – [2.85 × (A647 – A750)] 
Chlb = [22.39 × (A647 – A750)] – [5.42 × (A664 – A750)]
The rosette was removed from the DMSO extract and dried in a 70°C oven for 2 d for dry 
weight measurements.

Scoring of new leaf development
Leaves were scored as newly formed during recovery from submergence treatment. 
Newly formed leaves were counted when emergence from the shoot meristem was 
clearly visible. The percentage of new leaves formed was calculated for the total plant 
population up to 7 d of recovery.

Seed yield 
10 plants of each control and post-submergence recovery plants were grown in short 
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day conditions (9 h photoperiod) at 20°C, 180 µmol m-2 s-1 PAR, and 70% relative humidity. 
Plants were watered daily until the terminal bud stopped flowering. Plants were then 
removed from high humidity conditions for drying until all siliques turned brown. Five 
parameters were assessed to define the seed yield: flowering time, weight of all seeds 
from an individual plant, number of siliques per plant, seeds per silique, and plant height. 
Flowering time was calculated from the start of seed germination after 4 d of imbibition 
at 4°C in the dark. Flowering time for recovery plants included 5 d of submergence. 
The plant height was measured from the shoot apical meristem to the position of the 
terminal bud.

Chlorophyll fluorescence (Fv/Fm) measurements
Variable fluorescence (Fv) and maximal fluorescence (Fm) values were measured for 
control and de-submerged plants at 0 h, 1 h, 1 d, 3 d, and 5 d of recovery. Each 10-leaf 
rosette was separated into two categories of developmental stage: intermediate (leaf 
5) and young (leaf 8). Leaf 1 was defined as the first emerging true leaf after cotyledon 
development. Plants were first dark-acclimated for 10 min. Fv/Fm measurements were 
then performed using a PAM2000 Portable Chlorophyll Fluorometer (Heinz Walz GmbH, 
Pfullingen, Germany) operated with laptop-controlled PAMWin software. The sensor was 
placed at a 5 mm distance from the leaf. Leaves with complete chlorophyll loss or an 
Fv/Fm below detection level were marked as dead.

Starch measurements
Starch levels were measured in whole rosettes using a commercial starch determination 
kit (Boehringer, Mannheim, Germany) following the manufacturer’s protocol. 

Statistical Analyses
One-way or two-way ANOVA followed by Tukey’s multiple comparisons test was 
performed using GraphPad Prism 6 software (GraphPad Software, La Jolla, USA). Data 
were considered statistically significant at p < 0.05.

Results

Post submergence stress symptoms in shoots of the Arabidopsis accessions Bay-0 and 
Lp2-6
Bay-0 and Lp2-6 were previously identified in a natural variation screen for submergence 
tolerance as showing obvious post-submergence effects (Vashisht, 2013). When 
submerged at the 10-leaf stage for 5 days in the dark (Figure 2.1A), plants of both 
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accessions survived and showed comparable visible symptoms of submergence 
damage. However, following their return to normal air growth conditions, the accessions 
showed a strong differential sensitivity to post-submergence conditions. These two 
accessions therefore constituted a potentially suitable experimental system to study 
post-submergence recovery mechanisms. Here the system is further characterized by 
quantitating the submergence and post-submergence damage. 

Under normal growth conditions, plants of both accessions had similar growth 
rates and completely green leaves (Supplemental Figure 2.S1). Figure 2.1B shows the 
morphological changes of both accessions upon recovery from submergence. After 5 
days of submergence in the dark, leaves of both accessions underwent chlorosis and 
became yellow-green. Yet, the submergence-induced damage was similar for both 
Bay-0 and Lp2-6. The visual differences between the accessions started to become 
evident approximately 3 hours into the recovery period. At 1 day of recovery, the 
differences between the two accessions were strikingly different. Most older leaves of 
Bay-0 had lost their green coloration, and desiccation stress (drying out of the leaves) 
was apparent at 1, 3, and 5 days of recovery. Meanwhile, Lp2-6 showed faster post-
submergence recovery. The older leaves of Lp2-6 did not die as quickly, and the plant 
appeared to form new leaves faster. Both accessions did not increase their number of 
leaves underwater. Meanwhile, plants grown in normal air light conditions grew about 
one leaf per day (Supplemental Figure 2.S1). Submerged plants only resumed new leaf 
growth when removed from the water. 

To separate the darkness effect from the dark submergence conditions, plants 
were placed in the dark for 5 days and subsequently recovered in light conditions. 
Darkness did not have a severe phenotypic effect on the plants as compared to 
submergence stress (Supplemental Figure 2.S2). Darkness caused some leaf senescence, 
with the most observed yellowing at 1 day of light recovery in both accessions. Older 
leaves of both accessions displayed the most damage due to darkness. In Bay-0, the 
older leaves desiccated 1 day earlier than in Lp2-6. Despite the higher submergence 
tolerance, the two younger intermediate leaves in Lp2-6 showed more chlorophyll loss 
compared to Bay-0 intermediate leaves. Both accessions were able to resume new leaf 
growth within 3 days of light recovery. 

Quantitation of shoot recovery in Bay-0 and Lp2-6 upon de-submergence
Visual observations of recovery were further quantified with chlorophyll and dry weight 
measurements in whole shoots to determine the degree of differences between Bay-0 
and Lp2-6. Under normal growth conditions, chlorophyll content was similar between both 
accessions (Figure 2.2A). Similar dry weight values in both accessions reflected their similar 
growth rate (Figure 2.2B). After 5 days of dark submergence, there was some chlorophyll 
loss in both accessions, though this was not significant compared to pre-submerged 
plants. The plants had similar dry weights as those in control conditions even after 5 days of 
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submergence, likely due to hindered underwater growth in both accessions. A significant 
drop in chlorophyll content occurred at 1 day after desubmergence in both accessions, 
but Bay-0 lost much more chlorophyll than Lp2-6, correlating with visual observations. 
However, the dry weight at 1 day post-submergence remained unchanged since 
new leaf formation has not yet occurred (Figure 2.3). At 3 days after desubmergence, 
chlorophyll content in Bay-0 was still significantly lower than that of Lp2-6. Meanwhile, 
Lp2-6 began to form new leaves faster, thus contributing to its higher chlorophyll 
content and biomass. By 5 days of de-submergence, Bay-0 was still able to replace its 
chlorophyll content by forming new leaves contributing to its biomass recovery. Yet, Lp2-

A

Figure 2.1: Effects of complete submergence on subsequent recovery in two Arabidopsis accessions.
(A) Scheme of the submergence experimental setup and effects of post-submergence recovery on 
overall submergence tolerance. 10-leaf stage plants were submerged for 5 days in the dark and then 
shoot traits were scored during post-submergence recovery under control growth conditions (9 hours 
photoperiod, 180 µmol m-2 s-1 PAR, 70% relative humidity).
(B) Representative images showing shoot damage in Bay-0 and Lp2-6 before submergence, after 5 
days of dark submergence, and subsequent recovery after 1, 3, and 5 days.

B
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6 had higher overall chlorophyll content through faster new leaves development during 
recovery, as reflected in the significant increase of dry weight at 3 and 5 days of recovery. 
 
 

Root contribution to differences in post-submergence recovery of two Arabidopsis 
accessions was negligible
In order to determine whether differences in the roots contributed towards the 

Figure 2.3: New leaf development in two 
Arabidopsis accessions upon de-submergence. 
Percentage of plants forming new leaves during 
each day of recovery after 5 days of dark 
submergence. Bars = mean ± SE (n=32). Asterisks 
represent significant difference between the two 
accessions at the specified time points (p<0.05, 
two-way ANOVA).

Figure 2.2: Chlorophyll content and shoot dry weight of two Arabidopsis accessions during post-
submergence recovery. 
(A) Chlorophyll measurements in whole rosettes. Bars = mean ± SE (n=9-10). 
(B) Higher dry weight in Lp2-6 was reflective of more green leaves. Bars = mean ± SE (n=9-10). Different 
letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons 
test).

A                                                       B

The chlorophyll content and dry weight accumulation closely correlated with the post-
submergence development of new leaves. In both accessions, new leaf formation was 
inhibited during 5 days of submergence and only resumed 2 days after de-submergence 
(Figure 2.3). At the second day of de-submergence and subsequent days of recovery, 
the percentage of Lp2-6 plants forming new leaves was always higher. By 5 days post-
submergence, all Lp2-6 plants were forming new leaves. All Bay-0 plants eventually 
developed new leaves, but new leaf development did not occur in the entire Bay-0 
plant population until 7 days after desubmergence.  
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contrasting post-submergence recovery in Bay-0 and Lp2-6, root submergence 
damage and recovery was assessed. After submergence, there was no increase in 
the main root length in either accession compared to pre-submerged plants (Figure 
2.4A and Supplemental Figure 2.S3). After de-submergence, main root growth did not 
recover and root lengths were similar in both accessions at recovery time points up to 3 
days. The root length of both accessions increased significantly at 5 days following de-
submergence, suggesting regrowth of the root during the recovery period. 

To further examine the effect of the root on post-submergence recovery of 
the shoot, cross-grafting experiments between the two accessions were performed.
Roots and shoots of different plants of same accession were grafted as a control for 
wounding and developmental differences due to grafting effects. Yet, the recovery 
effects were the same as non-grafted plant. The root of the submergence intolerant 
accession (Bay-0) was grafted onto the shoot of the tolerant accession (Lp2-6) and vice 
versa. Grafted plants were submerged for 5 days in the dark, and recovery was then 
observed. The shoots of grafted plants did not show any significant recovery differences 
after 5 days post-submergence (based on shoot biomass) compared to non-grafted 
plants (Figures 2.4B and 2.4C). Shoot recovery was observed to be much faster in Lp2-6 
after 5 days of recovery, despite the plant having the root of a submergence-intolerant 
accession (Figure 2.4B). This faster recovery was reflected in the significantly higher dry 
weight of grafted plants with the Lp2-6 shoot after 5 days post-submergence (Figure 
2.4C). Meanwhile, Bay-0 still showed a delayed recovery of the shoot, even though the 
plant could have benefited from a more submergence tolerant root (Figure 2.4B). The 
dry weight of Bay-0 shoots grafted with Lp2-6 roots was significantly lower than that of 
Lp2-6 shoots (Figure 2.4C). Therefore it was concluded that the roots of either accession 
did not seem to play a major role in submergence  recovery compared to the shoot. 
Based on these supporting root experiments, only shoot traits were further investigated. 

Post-submergence recovery affects seed yield
Under normal growth conditions, both accessions flowered at the same time and 
produced similar amounts of seeds and siliques per plant (Figures 2.5A, 2.5B, and 
2.5C). Lp2-6 had slightly more seeds per silique and larger seeds than Bay-0 (Figures 
2.5D and 2.5E). Yet, the maximum height of flowering plants was significantly higher in 
Bay-0 compared to Lp2-6 under control conditions (Figure 2.5F). However, the height 
of the plants showed no correlation with seed production, confirming that taller plants 
did not necessary result in more seed production. Submergence treatment significantly 
decreased the maximal height of Bay-0 and Lp2-6 flowering plants to approximately 
46 cm in both accessions. Despite being subjected to submergence stress, both Bay-
0 and Lp2-6 were able to flower and produce seeds during submergence recovery. 
However, the flowering time of approximately 64 days in control plants was delayed 
by submergence (Figure 2.5A). Flowering time was recorded as the number of days 
from germination in the light until the first floral bud was produced. Flowering time for
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recovery plants was also calculated from the start of germination but included 5 days 
of submergence prior to floral bud development during the recovery phase. Lp2-6 
plants, which had faster recovery and new leaf development post-submergence, had 
a flowering time of 89 days, while Bay-0 flowered in 115 days. Lp2-6 did not recover its 
optimal seed output as in non-submerged plants, but it produced almost two times more 
seeds than Bay-0 after submergence (Figure 2.5B). The number of siliques per plant can 
be reflective of the total seed output of the plant. In normal growth conditions, there 
were about 455 siliques per plant in both accessions. The amount of siliques declined 
due to submergence, but Lp2-6 still had more silique production (302 siliques) than Bay-0 
(190 siliques) (Figure 2.5C). Under control conditions and in recovery of submerged Lp2-6 
plants, the average number of seeds per silique was 42 seeds (Figure 2.5D). However, the 
smaller siliques in Bay-0 submergence recovery plants only contained about 33 seeds. 
The seed size in recovering plants was slightly larger than those of control plants of the 
same accession (Figure 2.5E). Lp2-6 recovery plants have slightly but significantly larger 
seeds than those of Bay-0. Bay-0 and Lp2-6 recovery plants were the same height, but 
Lp2-6 still produced more seeds following submergence. 

5 days. Images are shown for 0, 1, and 5 days of post-submergence recovery. Sample groups represent 
the accession of the shoot/root.
(C) Shoot dry weight of grafted plants after 5 days of post-submergence recovery. Grafting 
combination groups represent the accession of the shoot/root (B = Bay-0; L = Lp2-6). Bars = mean ± 
SE (n=45-60). Different letters represent significant difference (p<0.05, one-way ANOVA with Tukey’s 
multiple comparisons test).

Figure 2.4: Roots do not determine observed 
differences in post-submergence recovery between 
Bay-0 and Lp2-6. 
(A) Primary root lengths under control and post-
submergence conditions. Bars = mean ± SE (n=25 
plants). Different letters represent significant 
difference (p<0.05, two-way ANOVA with Tukey’s 
multiple comparisons test).  
(B) Representative images of grafted plants after 5 
days of dark submergence followed by recovery for 

C

A                                            B
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Figure 2.5: Post-submergence recovery influences seed output of two Arabidopsis accessions.
(A) Flowering time of control and submergence recovery plants grown in short day conditions (9 hour 
photoperiod, 20°C, 180 µmol m-2 s-1 PAR, 70% relative humidity). Days to flowering was recorded as the 
number of days from germination in the light until the first floral bud was produced. Bars = mean ± SE 
(n=10). 
(B) Total seed weight of each control and submergence recovery plant. Bars = mean ± SE (n=10-15).
(C) Number of siliques on each plant. Bars = mean ± SE (n=10-12).
(D) Number of seeds per silique. Bars = mean ± SE (n=92-102).
(E) Size of seeds produced in control and recovery plants. Bars = mean ± SE (n=3100-4000).
(F) Height of vegetative plants grown in short-day conditions. Bars = mean ± SE (n=10-12). In all panels 
A-F, different letters represent significant difference (p<0.05, one-way ANOVA with Tukey’s multiple 
comparisons test). 

 A                                                      B

 C                                                      D

 E                                                       F
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Submergence affects survivability of leaf stages differently in two Arabidopsis accessions
Intermediate leaves displayed the strongest visible differences in response to post-
submergence recovery between the two accessions. For a 10-leaf stage plant, the 
old leaves include the oldest 3 leaves, intermediate leaves include the next 4 younger 
leaves, and young leaves include the 3 youngest leaves and the meristem, as illustrated 
in dissected leaves of control plants (Figure 2.6A). The older leaves showed the most 
significant submergence damage in both accessions, but they desiccated and died 
much faster in Bay-0. The majority of older leaves did not recover, thus physiological 
measurements on dying leaves could be neglected. Meanwhile, the young leaves 
did not appear to show any differences in either accessions during recovery. In a 5 
days recovery plant, newly formed leaves were classified into the young leaf stage. 
The intermediate leaves showed the most differences in damage and recovery 
between the accessions. Intermediate leaves were damaged under submergence in 
both accessions, but most of these leaves were still able to recover. Yet, this recovery 
occurred much faster in the tolerant accession Lp2-6. Since previous measurements 
were performed in whole rosettes as shown in Figure 2.4A, accession-specific differences 
were re-assessed using only intermediate leaves (Figure 2.6B). Chlorophyll content in 
intermediate leaves was similar in both accessions after 5 days of submergence and 1 
hour of recovery, but the intolerant accession Bay-0 lost more chlorophyll 3 hours into 
recovery. At 1 day of recovery, Bay-0 intermediate leaves lost the most chlorophyll. 
Although Bay-0 was able to recover its chlorophyll content by the third recovery day, it 
still lagged behind Lp2-6. Although chlorophyll content in Lp2-6 intermediate leaves also 
dropped at 1 day of recovery, it still retained significantly higher chlorophyll than Bay-0 
across all recovery time points from 3 hours onwards.
 The loss and recovery of chlorophyll was complemented by Fv/Fm measurements. 
Fv/Fm measures chlorophyll fluorescence reflecting the maximum potential quantum 
efficiency of photosystem II when the plant is in a dark-adapted state. An Fv/Fm value of 
approximately 0.8 indicates healthy plant status, and lower values indicate plant stress. 
Fv/Fm was measured on two leaf stages: intermediate (leaf 5) and young (leaf 8), with 
leaf 1 being the first developed true leaf. Under control conditions, all leaves measured 
had Fv/Fm values around 0.8 (Figure 2.6C). After 5 days of dark submergence, Fv/Fm 
dropped significantly in both young and intermediate leaves of Lp2-6. Interestingly, 
the photosynthetic capacity in Bay-0 leaves after submergence was much higher 
compared to that of Lp2-6 leaves. At 5 hours of recovery, Bay-0 Fv/Fm values dropped 
in both young and intermediate leaves. In subsequent recovery time points, both Bay-0 
leaf stages failed to recover to control values. In contrast, at 1 day of recovery, all Lp2-
6 leaf stages were recovering Fv/Fm, with full recovery by 3 days post-submergence.
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Figure 2.6: Post-submergence responses in two Arabidopsis accessions are dependent on leaf age.
(A) Dissected leaves of a 10-leaf stage rosette of Bay-0 and Lp2-6. Representative images of leaves 
separated into old, intermediate, and young leaf developmental stages. Cotyledons and the meristem 
were not counted towards the leaf stage. Pictures were taken at the specified time points of post-
submergence recovery.
(B) Chlorophyll content measured in intermediate leaves of Bay-0 and Lp2-6. Points = mean ± SE (n=15). 
Asterisks represent significant difference between the two accessions at the specified time points 
(p<0.05, two-way ANOVA).  
(C) Fv/Fm as a measure of the maximum quantum efficiency of photosystem II in intermediate and 
young leaves of Bay-0 and Lp2-6. Bars = mean ± SE (n=10). Different letters represent significant 
difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test). 

A 

C  

B                                                   
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Discussion

Complete submergence during darkness is the most severe form of flooding stress. 
This can occur in agricultural fields upon flash flooding during monsoon seasons and 
heavy precipitation events, causing unfavorable low oxygen and low light conditions 
especially in murky waters. In light of the increasing number of complete submergence 
events, raising the supply of staple food crops is vital. Research into flooding tolerance 
mechanisms in plants have mostly focused on the submergence phase, but fewer studies 
have examined the period of recovery after subsidence of the water (post-submergence 
stress). However, it is accepted that overall flooding tolerance is influenced by different 
stages of flooding stress. Recent studies have investigated the effects of post-hypoxia 
or reoxygenation stress, for example in rice (Fukao et al., 2011; Alpuerto et al., 2016), 
soybean seedlings (Tamang et al., 2014; Khan and Komatsu, 2016), and Arabidopsis (Tsai 
et al., 2014; Tsai et al., 2016; Yuan et al., 2017). However, the mechanisms contributing to 
post-flooding recovery are still underexplored.
 Here, two Arabidopsis accessions were investigated: Bay-0 and Lp2-6, previously 
classified as submergence sensitive and tolerant, respectively (Vashisht et al., 2011; 
Vashisht, 2013). This was based on survival of plants after a two week recovery period 
following complete submergence. The LT50 calculations therefore did not distinguish 
whether plants died due to submergence or post-submergence stress. Preliminary 
observations indicated that the overall tolerance difference between Bay-0 and Lp2-
6 was primarily due to variations in the post-submergence stress tolerance. This was 
further investigated and characterized here. When submerged 10-leaf stage plants 
for 5 days in the dark, underwater growth was restricted, compared to control plants 
(Supplemental Figure 2.S1). When plants were removed from the water, both accessions 
showed similar damage, marked by visual observations of yellowing older leaves (Figure 
2.1B). Thus, we assume that submergence inflicted a similar non-lethal stress on both 
accessions. The most distinct visual differences between the accessions appeared 
at 1 day post-submergence, though changes in leaf chlorophyll content and turgor 
were already observed after 3 hours post-submergence (Figures 2.1B and 2.6A). The 
results are comparable to SUB1 rice that also shows more damage upon reoxygenation 
than during submergence (Fukao et al., 2011). The visible differences in recovery rates 
between Bay-0 and Lp2-6 probes the question of how these accessions are responding 
differently to post-submergence stress. 

Plants were submerged in continuous darkness to mimic a severe flooding 
stress where inundation in muddy waters severely reduces light levels. However, to 
assess whether the differences between the accessions was simply due to a differential 
sensitivity to darkness, the accessions were also subjected to dark-only conditions. 
The submergence sensitive Bay-0 actually had a slightly higher tolerance to darkness 
compared to Lp2-6 (Supplemental Figure 2.S2). More yellowing of intermediate Lp2-6 
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leaves under dark conditions corresponded with the lower dark LT50 of Lp2-6 (8.40 days) 
compared to Bay-0 (9.43 days) (Vashisht et al., 2011). Since 5 days of darkness was 
below the dark LT50 value, darkness did not have a severe impact on either accession, 
only that the older leaves were more affected. Interestingly, this was in contrast to 
the accessions’ differences in submergence tolerance, suggesting that only post-
illumination effects do not explain the observed submergence tolerance of Bay-0 and 
Lp2-6. Instead, the observed differential effect of post-submergence stress is more likely 
due to reoxygenation following submergence than the darkness effect alone.

Differential submergence recovery did not depend on root responses in these 
two accessions. Although the roots did not define recovery differences between 
Bay-0 and Lp2-6, roots can provide benefits to recovery in other plants. The root has 
been shown to undergo molecular changes during submergence to maintain redox 
homeostasis and alter membrane lipid composition (Lee et al., 2011b; Xie et al., 2015; 
van Veen et al., 2016). Yet, in the submergence system setup described here, the lack 
of differences in post-submergence root responses in the two accessions made studying 
the roots negligible (Figure 2.4 and Supplemental Figure 2.S3). Although submergence 
hampered root growth, this effect was not different between the two accessions as 
assessed by primary root length upon de-submergence. Furthermore, during recovery 
roots of both accessions had a similar rate of post-submergence regrowth (Figure 2.4A). 
Longer primary root lengths can allow the plant to increase water uptake during recovery. 
Yet, it has been shown that a tolerance adaptation to waterlogged or flooded plants 
involves the production of more adventitious roots (Calvo-Polanco et al., 2012; Sauter, 
2013; Dawood et al., 2014). Here adventitious roots or other changes to the root system 
architecture were not observed. However, grafting roots and shoots of the tolerant 
and intolerant accessions did not result in improved survival of the intolerant shoot, 
even with a submergence tolerant root system (Figures 2.4B and 2.4C). Despite this, it 
is important to note that the grafting experiments do not imply roots are unimportant 
during submergence recovery, as roots play an essential role in recovery. Plants 
without functioning roots obviously cannot resume regrowth without a system to take 
up water and nutrients from the soil. Yet, because the cross-grafting of roots between 
the accessions did not alter submergence tolerance, it is the shoot that accounts for 
most of the observed differences in submergence tolerance. Consequently, further 
characterization was limited to only the shoots.

The tolerant accession was confirmed with faster recovery of chlorophyll 
content and shoot dry weight (Figures 2.2A and 2.2B). Quicker formation of new leaves 
in Lp2-6 plants (Figure 2.3) contributed to the higher chlorophyll content and shoot 
biomass. Faster vegetative regrowth in the tolerant accession also correlated with a 
faster flowering time (Figure 2.5A), and higher fitness expressed as more seed production 
than the intolerant accession (Figure 2.5B). Recovering Lp2-6 plants also had more 
siliques per plant and more seeds per silique compared to Bay-0 (Figures 2.5C and 2.5D). 

The shoot itself showed variability in submergence and post-submergence 
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damage across leaves of varying age. The younger leaves were not severely damaged 
by the submergence duration used here, probably because they were not fully 
developed and might have been able to retain resources for regrowth (Figure 2.6A). 
Survival of the shoot apical meristem during submergence and recovery was key to 
young and new leaf development, since meristems give rise to young leaf primordia. 
Young leaves showed the fastest stress recovery and the least differences between the 
two accessions, as indicated by Fv/Fm measurements compared to intermediate and 
older leaves (Figure 2.6C). Young leaves of Arabidopsis rosettes has been shown to have 
higher freezing tolerance than older leaves due to sugar and proline accumulation 
(Takagi et al., 2003). Under water deficit conditions, young leaves also increase its sugar 
and proline metabolite accumulation to activate ROS scavenging systems to minimize 
lipid peroxidation (Sperdouli and Moustakas, 2014). Meanwhile, the older leaves were 
observed to be severely dehydrated during post-submergence and most did not 
recover (Figures 2.1B and 2.6A). Older leaves of Lp2-6 were affected by submergence 
and post-submergence stress and showed some desiccation stress. Symptoms of 
desiccation following flooding have been shown in submergence-intolerant rice 
cultivars, in which fully expanded leaves were severely wilted and exhibited a drop in 
water potential (Setter et al., 2010; Fukao et al., 2011). Under abiotic stress, the natural 
senescence processes of older leaves are triggered earlier than under normal (non-
stressed) growth conditions. Senescence may also be triggered if young leaves are 
remobilizing resources from older leaves, following the logic that younger leaves are 
more likely to have better photosynthetic capacity thus the older leaves sacrifice its 
resources. Increased translocation of iron and nitrogen resources from old to young 
leaves have been observed in barley (Hordeum vulgare) and in oilseed rape (Brassica 
napus) under nitrogen deficiency stress (Gombert et al., 2006; Shi et al., 2012; Avice and 
Etienne, 2014). 

Desiccation stress may also arise from damage to the roots due to prolonged 
waterlogging or submergence, so efficient nutrient and water uptake through 
the root system is compromised. A hypoxic environment can inhibit the control of 
aquaporin water channels, which consequently reduces the root water conductivity 
(Tournaire-Roux et al., 2003). This can result in root-to-shoot signals informing the plant 
of dehydration stress caused by damaged roots, thus triggering desiccation of older 
leaves and some intermediate leaves, as observed in comparison of different leaf 
stages (Figure 2.6A). In the two accessions studied here, intermediate leaves showed the 
most differences in post-submergence recovery. The intermediate leaves were stressed 
by submergence and post-submergence conditions in both accessions, but those of 
Bay-0 were more damaged. Bay-0 possibly had to allocate more resources to revive its 
intermediate leaves before it can start producing new leaves. Doing so can also result 
in less available resources for new leaf formation, so the plant might have to slowly 
replenish its carbohydrate reserves before engaging in developmental processes. Post-
submergence stress inhibited full recovery as indicated by low Fv/Fm values in Bay-0 
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intermediate leaves even after 5 days of recovery (Figure 2.6C). The lower Fv/Fm values 
indicate more photosystem II damage post-submergence, which may have prevented 
replacement of starch reserves. Faster recovery of the photosynthetic apparatus in 
Lp2-6 compared to Bay-0 correlated with faster starch replacement (Supplemental 
Figure 2.S4). It could also be possible that Bay-0 was mobilizing more starch reserves 
for recovery, thus replenishment of starch cannot keep up with the rate of utilization.   

Thus, recovery of Bay-0 plants lagged behind Lp2-6 plants, which was also 
evident in the longer flowering time of Bay-0 (Figure 2.5A). Due to differences across 
different leaf development stages during post-submergence recovery, using the whole 
rosette may have diluted the results of the physiological measurements. The chlorophyll 
measurements were repeated with only intermediate leaves (Figure 2.6B). This leaf stage 
displayed a clear distinction of chlorosis and senescence-related responses between 
Bay-0 and Lp2-6 during early time points of recovery (Figure 2.6A). Hence, subsequent 
physiological and molecular measurements will focus on the intermediate leaves for 
contributing the most differences in tolerance between Bay-0 and Lp2-6. 

Based on visual observations and primary physiological experiments, it appears 
that submergence tolerance in Bay-0 and Lp2-6 is closely correlated with the plant’s 
ability to recover following the submergence stress. Tolerance to flooding is ultimately 
defined by two interrelated phases (submergence and post-submergence), though 
most studies only focus on the submergence phase itself. The submergence system 
presented here enables the study to be only restricted to the post-submergence 
phase, and allows for exclusion of the roots to mainly focus on the intermediate leaves. 
Re-adjustment of the plant to a normal air light condition requires withstanding the 
stress of reoxygenation and high light intensity by restricting ROS formation, replacing 
metabolites, and preventing desiccation stress. The results of this chapter establish the 
Arabidopsis accessions Bay-0 and Lp2-6 as a suitable system for further characterization 
of post-submergence responses on the molecular level in subsequent chapters. 
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Supplemental Data

Supplemental Figure 2.S1: Growth of 10-leaf stage control plants under short-day light conditions (9 
hours photoperiod, 180 µmol m-2 s-1 PAR, 70% relative humidity). Plants grew approximately one new 
leaf per day, while submerged plants did not grow underwater.

Supplemental Figure 2.S2: Recovery of 10-leaf stage plants placed under dark conditions as a control 
for dark submergence. Dark-treated leaves showed hyponasty and petiole elongation.
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Supplemental Figure 2.S3: Representative images of Bay-0 and Lp2-6 roots in non-submerged 10-leaf 
stage plants and roots after 5 days of dark submergence (0d) and recovery (1d, 3d, 5d).  

Supplemental Figure 2.S4: Starch content in post-submerged rosettes. Bars = mean ± SE (n=3). Different 
letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons 
test).  
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Abstract

Damages caused by submergence and post-submergence conditions have been 
characterized physiologically, but less is known about the underlying molecular 
changes induced by these stresses. Variation in submergence tolerance of the 
Arabidopsis accessions Bay-0 and Lp2-6 was mainly due to differences in post-
submergence recovery. A Ribosome-sequencing (Ribo-seq) approach was used to 
identify the molecular processes underlying submergence and post-submergence 
responses in these two accessions and provide a molecular explanation for their 
differing recovery rates after 5 days of complete submergence. The Ribo-seq dataset 
examined the effect of submergence, recovery only, and submergence in combination 
with recovery (combined effect) on the abundance of transcripts associated with 
ribosomes. Recovery alone had a limited effect on ribosome-associated transcripts 
compared to considerable reconfiguration in transcript abundance for submergence 
and the combined effect. Differences between Bay-0 and Lp2-6 were mostly attributed 
to highly contrasting gene regulation during submergence and the combined stress 
of submergence and recovery rather than recovery alone. The dataset highlighted 
candidate genes, including transcription factor-encoding genes, dampening or 
inducing responses to photosynthesis, light, oxidative stress, water deprivation, and leaf 
senescence. Key metabolic pathways involved in the differential response directly after 
submergence and submergence in combination with recovery were also identified, 
including chlorophyll biosynthesis and antioxidant metabolic processes. Genes involved 
in hormonal responses to abscisic acid, cytokinin, and ethylene could induce or repress 
signal transduction to alter gene expression and affect submergence and recovery 
responses. Ribo-seq also identified alternative splicing as an additional mechanism of 
gene regulation controlling post-submergence recovery responses. 

Introduction

Complete submergence where all plant organs are underwater is a severe form of 
flooding stress. Restricted gas diffusion often accompanied by a reduction in light levels 
limits respiration and photosynthesis, thereby imposing a carbohydrate and energy 
crisis. Conditions do not necessarily improve once floodwaters recede, since plants 
weakened by submergence continue to endure additional post-submergence stress 
and must rapidly adapt to these new conditions to survive. Although post-submergence 
stress and recovery have been observed and characterized, the molecular mechanisms 
that regulate recovery processes and the variation between natural accessions herein 
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are poorly understood.
 Floodwater recession suddenly exposes plant tissues that have been acclimated 
to low light and low oxygen conditions during submergence to high light intensities and 
a dramatic increase in the access to oxygen. The immediate surge in chloroplastic and 
mitochondrial activity with high rates of electron leakage from the electron transport 
chains can interact with the exorbitant oxygen levels resulting in formation of reactive 
oxygen species (ROS) (Elstner and Osswald, 1994; Smirnoff, 1995; Roach et al., 2015). 
Uncontrollable ROS production results in oxidative stress injury and plants often show 
accelerated senescence and signs of dehydration. Post-anoxia and post-flooding injury 
has been reported in rice (Ella and Ismail, 2006; Fukao et al., 2011; Panda and Sarkar, 
2013; Alpuerto et al., 2016), Arabidopsis (Tsai et al., 2014; Yuan et al., 2017), soybean 
(VanToai and Bolles, 1991; Tamang et al., 2014; Khan and Komatsu, 2016), marsh species 
Iris pseudacorus and Iris germanica (Barclay and Crawford, 1982; Monk et al., 1987b), 
Schoenoplectus lacustris (Braendle, 1990), potato cells (Pavelic et al., 2000), and riparian 
species (Li et al., 2012; Luo et al., 2012; Liu et al., 2015; Ye et al., 2016). Arabidopsis studies 
have highlighted the induction of gene transcripts related to ROS production, high light, 
heat, and ion transport upon reoxygenation. There is also a regulatory role for ethylene 
and jasmonic acid in inducing antioxidant synthesis for ROS scavenging and ethylene-
mediated ABA signaling to trigger dehydration stress responses (Tsai et al., 2014; Yuan 
et al., 2017). Ethylene signaling was also involved in metabolic pathway regulation 
during reoxygenation for homeostasis of cellular energy utilization, for instance the 
replenishment of citric acid (TCA) cycle intermediates (Figure 1.1; Tsai et al., 2014; Tsai et 
al., 2016). While these studies have led to a furthered understanding of flooding recovery, 
many questions still remain regarding the molecular processes underlying variation and 
success of post-submergence recovery. 

Chapter 2 characterized two Arabidopsis accessions that were previously 
identified as submergence tolerant (Lp2-6) and intolerant (Bay-0) (Vashisht et al., 2011; 
Vashisht, 2013). Tolerance differences between these two accessions were primarily 
due to differences during post-submergence recovery. After 5 days of complete 
submergence, submergence-mediated damage was physiologically very similar in both 
accessions. However, during recovery following de-submergence, Lp2-6 showed lower 
chlorophyll loss and faster new leaf development; the intermediate leaves between 
the two accessions reflected these differences the most. Roots did not appear to 
significantly contribute to observed differences in post-submergence recovery between 
the two accessions. Thus for further studies, the focus was on the intermediate leaves 
as they showed the largest differences between the accessions with respect to post-
submergence traits.
 Here we used an unbiased RNA sequencing approach to identify molecular 
processes mediating submergence and post-submergence responses with the aim 
of identifying processes contributing to the observed differences in Bay-0 and Lp2-6. 
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RNA-sequencing (RNA-seq) quantifies the number of RNA transcripts of all genes in the 
genome, called the transcriptome. Here, we took advantage of a more specialized RNA-
seq technique to identify only mRNA associated with ribosomes (Ribosome-sequencing: 
Ribo-seq) (Ingolia et al., 2009; Ingolia, 2014). Ribo-seq (also known as ribosome profiling 
or ribosome footprinting) gives a genome-wide perspective of the mRNA that is being 
translated into proteins, and therefore is more closely associated with translational 
protein synthesis. Ribo-seq has been successfully employed for translational regulation 
studies in plants including Arabidopsis seedlings under hypoxia (Juntawong et al., 
2014). These studies highlighted the benefits of using this unbiased and highly sensitive 
approach to identify candidate genes and metabolic processes. 

The Ribo-seq dataset here investigated alterations in ribosome-associated 
transcript abundance after a prolonged dark submergence of 5 days and during the 
early 3 hour post-submergence period in Bay-0 and Lp2-6. The data revealed both 
conserved and accession-specific gene behaviors. Genes involved in photosynthesis 
and light responses were dampened after 5 days of dark submergence, but post-
submergence conditions posed additional oxidative stress, water deprivation, and leaf 
senescence. The intolerant Bay-0 reacted to these stressors more strongly. Ribo-seq also 
identified key regulatory mechanisms supporting better post-submergence recovery 
through alternative splicing and inhibitory activity of upstream open reading frames. The 
findings highlight the highly regulated submergence and post-submergence molecular 
processes that delay recovery in Bay-0 and boosted survival in Lp2-6 and contribute to 
a better understanding of post-submergence recovery. 

Materials and Methods

Plant materials and growth conditions
Arabidopsis accessions Bay-0 (accession number CS22633) and Lp2-6 (accession 
number CS22595) provided by the Nottingham Arabidopsis Stock Centre (NASC, UK) 
were germinated, transplanted, and grown as described in Chapter 2.

Submergence treatment and Ribo-seq harvesting
Preparations for submergence treatment were performed as described in Chapter 2. 
Developmentally similar plants were submerged at the 10-leaf stage in a dark climate-
controlled room (20oC at 70% relative humidity) for 5 d in the dark, beginning at 2 h 
after the start of the photoperiod (10:00 a.m.). Plants were de-submerged and four 
intermediate leaves of each rosette (leaves 4, 5, 6, and 7, counting from the oldest 
leaf) for the submergence treatment samples were frozen in liquid nitrogen at 2 time 
points: 0 h (immediately upon de-submergence) and after 3 h of air-light recovery (9 
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h photoperiod, 20°C, 180 µmol m-2 s-1 photosynthetically active radiation (PAR), 70% 
relative humidity). Intermediate leaves of 10-leaf stage control rosettes grown under the 
same light and humidity conditions were harvested at 10:00 a.m. corresponding to the 0 
h time point. Harvested tissues were stored at -80oC until further use. 

Polysomal isolation
Harvested plant material was pulverized with a cryogenic grinding mill (Retsch, Haan, 
Germany). 5 mL volume of packed grounded tissue was used as starting material for 
isolation of ribosome-protected fragments. Polysome isolation was performed following 
the methods of Juntawong et al. (2013 and 2015), with some modifications. 20 mL of 
cold Polysome Extraction Buffer [200 mM Tris-HCl (pH 9.0), 200 mM KCl, 25 mM EGTA, 
35 mM MgCl2, 1× Detergent mix (1% (w/v) Brij-35, 1% (v/v) Triton X-100, 1% (v/v) Igepal 
CA 630, 1% (v/v) Tween-20), 1% PTE, 5 mM DTT, 1 mM PMSF, 50 μg/mL cycloheximide, 50 
μg/mL chloramphenicol] was added to the frozen tissue on ice and gently stirred with 
a sterile glass rod. The thawed mixture was transferred to a Teflon glass homogenizer 
for thorough homogenization and then transferred into a 15 mL Corex tube. Cell 
debris was separated after centrifuging the samples at 16,000g at 4oC for 15 min. The 
supernatant was filtered with autoclaved Miracloth into another 15 mL Corex tube on 
ice. The supernatant was centrifuged again at 16,000g at 4oC for 15 min. 500 µL of the 
supernatant was frozen at -80oC for total RNA isolation. 

Thick-walled polycarbonate tubes were filled with 8 mL of cold sucrose cushion 
solution [1.75 M sucrose in 400 mM Tris (pH 9.0), 200 mM KCl, 5 mM EGTA, 30 mM MgCl2, 5 
mM dithiothreitol, 50 μg/mL cycloheximide, 50 μg/mL chloramphenicol]. In a 4oC room, 
the supernatant was gently layered on top of the sucrose cushion solution. The tubes 
were centrifuged at 35,000g at 4oC for 18 h overnight in a fixed angle rotor (70Ti rotor; 
Beckman Coulter, Brea, USA). The supernatant was then removed on ice and discarded. 
The polysome pellet was resuspended in 300 μL of cold RNaseI digestion buffer (RNID) 
[20 mM Tris-HCl (pH 8.0), 140 mM KCl, 35 mM MgCl2, 50 μg/mL cycloheximide, 50 μg/mL 
chloramphenicol]. After 30 min on ice, the resuspended pellet was transferred to a cold 
1.5 mL microcentrifuge tube and centrifuged at 12,000g at 4oC for 1 min. OD260 of the 
supernatant was measured with NanoDrop2000 (Thermo Scientific, Waltham, USA). The 
supernatant containing the ribosomal subunits, ribosomes, and polysomes were used for 
further processing.

Isolation of polysomes using sucrose-density gradients
2,000 polysome OD260 units were used for RNaseI digestion. 15 units of RNaseI was 
added per 10 OD260 polysome units. The volume was adjusted to 250 μL with RNaseI 
digestion buffer. As a non-digested control, 15 μL of SUPERase RNAse inhibitor was 
added to another 2,000 polysome OD260 units adjusted to a 250 μL volume with RNID. 
The samples were incubated at room temperature for 2 h with gentle rotation. Digested 
polysomes were pulled down by ultracentrifugation using a sucrose-density gradient. 
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Sucrose gradients with 60%, 45%, 30%, and 15% (w/v) sucrose layers were prepared in 
polypropylene tubes following the methods of Juntawong et al. (2015). Each layer was 
frozen for 1 h at -80oC before the next layer was pipetted on top. Before use, tubes 
were thawed from -80oC storage for exactly 1 h at 37oC and cooled to 4oC for 1 h 
before use. The digested and control polysome samples were pipetted onto individual 
sucrose gradients. Tubes were balanced with RNID buffer and placed into 4oC swinging 
buckets of a SW55.1 ultracentrifuge rotor (Beckman Coulter, Brea, USA). Samples were 
ultracentrifuged at 237,000g at 4oC for 1.5 h.

Polysome profiling
Two blank sucrose gradients loaded with only 250 µL RNID buffer were run through a 
UV absorbance detector (model UA-5; Teledyne ISCO, Lincoln, USA) connected to 
a fraction collector. Each centrifuged tube of sucrose gradient was run through the 
UV absorbance detector at a flow rate of 0.75 mL/min and the fractionator collected 
individual fractions for each sample into 12 separate 1.5 mL microcentrifuge tubes 
(9 drops totaling 0.4 mL volume in each of 12 fractions). Each tube was immediately 
placed on ice. Data for the A254 nm absorbance profile was collected to display the 
40S, 60S, 80S, and polysome peaks fractioned by the sucrose gradient, along with the 
baseline values for detecting absorbance at 254 nm.

Ribosome footprint isolation
RNA was extracted from fractions containing the monosomes. Fractions to be used 
were determined from the absorbance profile (typically fractions 4 to 6 contain the 
monosome). 1 mL of TRIzol was pipetted into each fraction (approximately 3× volume 
as much TRIzol), vortexed, and incubated for 15 min at room temperature. TRIzol RNA 
isolation was performed following the manufacturer’s protocol. 200 µL chloroform was 
added and shaken vigorously by hand for 10 sec. Samples were incubated at room 
temperature for 10 min and centrifuged at max speed for 15 min at 4oC. The upper 
aqueous phase was transferred into a new microcentrifuge tube for RNA precipitation. 
For a 500 µL volume, 500 µL isopropanol and 6 µL glycogen was added, incubated 
at room temperature for 5 min and then at -80oC for another 30 min. Samples were 
then centrifuged at max speed at 4oC for 30 min and the supernatant was discarded. 
The pellet was washed with 1 mL 75% ethanol and centrifuged at 7,500g (to avoid 
pulling down other materials) for 5 min at 4oC. Ethanol was removed and the pellet was 
allowed to air-dry for 5 min. The pellet was resuspended in 25 µL RNase-free water and 
incubated on a heating block at 55oC for 10 min. RNA concentration was measured on 
a NanoDrop, and phenol contamination was identified by a double peak.

Purification of ribosome fragments
A 17% 1.5 mm vertical urea polyacrylamide gel was prepared [10 mL of gel consisting of 
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1 mL 10× TBE, 4.2 g urea, 4.25 mL 40% (w/v) acrylamide/bis acrylamide mix, 0.5 mL H2O, 
100 µL 10% (w/v) APS, 50 µL TEMED].  After polymerizing, the gel was pre-run in 0.5× TBE 
for 15 min at 150 V and urea was washed from the well. Equal amounts of 2× denaturing 
loading dye were added to the resuspended RNA [20 µL of loading dye to 20 µL RNA]. 
20 µL volume of the DNA ladder sample was loaded onto the first well [0.5 µL 10 bp 
DNA ladder, 9.5 µL H2O, 10 µL 2× denaturing loading dye]. 20 µL volume of a marker 
sample was loaded onto another well [1 µL oNTI199, 1 µL 18-38 nt marker, 9 µL H2O, 10 
µL denaturing loading dye; oNTI199: 5’ AUGUACACGGAGUCGACCCGCAACGCGA 
3’]. All samples were denatured at 75oC for 2 min and immediately replaced on ice 
before being loaded onto the gel. The gel was first run at 150 V for approximately 10 min 
until all dye from the well were positioned in the gel, and then voltage was increased 
to 200 V for about 65 min until all bromophenol blue dye ran off the gel. The gel was 
stained for 5 min in 1:10,000 SYBR Gold diluted in 0.5× TBE. The gel was visualized in a gel 
imaging device with UV light. The 28mer region of the oNTI199 marker RNA sample was 
excised, cutting the lower end of the 18 nt to the 28 nt marker. A band was also excised 
from the oNTI199 marker sample as a library synthesis control. RNA was extracted from 
the gel overnight following the protocol from Ingolia et al. (2012). 400 µL of RNA gel 
extraction buffer [300 mM sodium acetate (pH 5.5), 1.0 mM EDTA, 0.25% (w/v) SDS] was 
added to an RNase-free non-stick microcentrifuge tube containing the excised gel 
piece. The samples were frozen at -80oC for 30 min, and then incubated overnight at 
room temperature with gentle inversion. The next day, the gel pieces were centrifuged 
at maximum speed (16,000g) at 4oC for 5 min. The supernatant was transferred to a 
new non-stick microcentrifuge tube. To precipitate the RNA, 6 µL of 5 mg/mL glycogen 
was added to the supernatant, followed by 500 µL of isopropanol. The solution was 
mixed by pipetting and incubated at -20oC for 30 min. The tubes were centrifuged at 
maximum speed (16,000g) at 4oC for 30 min. The supernatant was discarded so a small 
white pellet remained on the side of the tube. 1 mL of 75% ethanol was added to the 
pellet, vortexed for 1 sec, and centrifuged 7,500g at 4oC for 10 min. The ethanol was 
discarded and the pellet allowed to air-dry for 10 min. The pellet was re-suspended in 12 
µL RNase-free water and stored at -80oC.

Library construction 
Dephosphorylation
The gel-purified RNA was denatured at 75oC for 2 min and placed on ice. 15 µL H2O, 3 µL 
10× T4 polynucleotide kinase (PNK) buffer, and 1 µL SUPERase RNA inhibitor were added 
to the RNA sample and mixed by pipetting. 1.5 µL of T4 polynucleotide kinase was added, 
mixed, and incubated at 37oC for 2 h, followed by heat inactivation of the enzyme at 
70oC for 10 min. The RNA was precipitated by adding 39 µL H2O, 6 µL glycogen, 10 µL of 
3 M NaOAc (pH 5.2), and 150 µL isopropanol. The mixture was incubated at -80oC for 30 
min and then centrifuged at max speed (16,000g) at 4oC for 30 min. The supernatant 
was discarded, and 500 µL of 75% ethanol was added. Samples were centrifuged at 
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max speed (16,000g) at 4oC for 10 min. Ethanol was removed and the pellet allowed to 
air-dry at room temperature for 8 min. 

Small RNA linker ligation
This step was performed following the methods from Ingolia et al. (2012) with some 
modifications specified in Juntawong et al. (2015). The dephosphorylated RNA pellet 
was resuspended in 9 µL of 10 mM Tris (pH 8.0). 1.5 µL of 100 µM oNTI227 preadenylylated 
linker [oNTI227: 5rAppCUGUAGGCACCAUCAAU-3ddC] was added and the sample 
was denatured at 80oC for 90 sec and cooled down to room temperature. For the 
ligation reaction, the following components were added and incubated at room 
temperature for 2.5 hr: 2 µL of 10× T4 RNA ligase 2 (Rnl2), 6 µL 50% (w/v) PEG8000, 1 
µL SUPERase inhibitor, and 1 µL truncated T4 RNA ligase 2. The linker ligated RNA was 
precipitated with 6 µL of 5 mg/mL glycogen and 500 µL isopropanol, incubated at -80oC 
for 30 min, and centrifuged at maximum speed at 4oC for 30 min. 1 mL of 75% ethanol 
was added to the pellet, vortexed for 1 sec, and centrifuged 7,500g at 4oC for 10 min. 
The ethanol was discarded and the pellet allowed to air-dry for 10 min. The pellet was 
resuspended in 10 µL RNase-free water. The ligation reaction products were loaded in a 
17% urea polyacrylamide gel as previously described. The gel was loaded with a 10 bp 
ladder and a control oNTI199 control RNA oligo marker. The ligated ribosome-protected 
fragment (RPF) product band was excised from the gel, which was approximately 20 nt 
larger than the oNTI199 control marker fragment. RNA was extracted from the gel with 
RNA gel extraction buffer following the methods described earlier. 

Reverse transcription
The ligated product was re-suspended in 10 µL of 10 mM Tris (pH 8.0) and transferred 
to a PCR strip. 2 µL of a 1.25 µM oNTI226 reverse transcription primer [oNTI226: 5′-/ 5Ph
osAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGC-iSp18-
CACTCA-iSp18TTCAGACGTGTGCTCTTCCGATCTATTGATGGTGCCTACAG] was added 
and denatured at 80oC for 2 min in a thermal cycler and then placed on ice. A reverse 
transcription reaction was set up with the following components: 12 µL ligation and 
primer product, 4 µL 5× first-strand buffer, 1 µL 10 mM dNTPs, 1 µL 0.1M DTT, 1 µL SUPERase 
inhibitor, and 1 µL 200 U/µL SuperScript III. The samples were incubated at 48oC for 30 min 
in a thermal cycler. RNA was hydrolyzed by adding 2.2 µL of 1 M NaOH and incubating 
for 20 min at 98oC. RNA was precipitated by adding 20 µL 3 M sodium acetate (pH 5.5), 
5 µL glycogen, 156 µL H2O, and 300 µL isopropanol. RNA was recovered as described 
previously and resuspended in 10 µL H2O. 8 µL of 2× denaturing loading dye was added 
to each sample. Samples were run in a 15% 1.5 mm vertical urea polyacrylamide gel 
as described in the “purification of ribosome fragments” section of Ingolia et al. (2012). 
Instead of running a marker oligo control however, a reverse transcription primer sample 
was run for subsequent size selection: 6 µL 1.25 µM oNTI226, 9 µL 10 mM Tris (pH 8.0), and 
15 µL 2× denaturing loading dye. The reverse transcription product band was excised 
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from the gel, with care to avoid cutting the primer positioned right below the band of 
interest. The gel product was placed in a non-stick microcentrifuge tube along with 400 
µL of DNA gel extraction buffer [300 mM NaCl, 10 mM Tris (pH 8.0), 1 mM EDTA]. DNA 
was precipitated with 6 µL of 5 mg/mL glycogen and 500 µL isopropanol, and DNA was 
recovered as described in previous RNA recoveries. The pellet was resuspended in 15 µL 
10 mM Tris (pH 8).

Circularization of reverse transcription cDNA
The following components were added in a PCR strip for the circularization reaction: 
15 µL first-strand cDNA, 2 µL 10× CircLigase buffer, 1 mM ATP, 50 mM MnCl2, and 1 µL 
CircLigase. The samples were placed in a thermal cycler for 1 h incubation at 60oC and 
heat-inactivated for 10 min at 80oC. 
 
rRNA depletion/subtractive hybridization 
5 µL of the circularization reaction product was mixed with 1 µL of a subtraction 
oligo pool [rRNA subtraction oligo: rRNA1 targeting 18S rRNA (At2g01020, At3g41768) 
5’5BioTEG-CATAAACGATGCCGACCAGGGATCAGCGG 3’; rRNA2 targeting 18S rRNA 
(At3g41768) 5’ 5BioTEG-TTTATTAGATAAAAGGTCGACG 3’], 1 µL 20× SSC and 3 µL H2O. 
The samples in the PCR strip was placed in a thermal cycler for denaturation for 90 sec 
at 100oC, annealed at a rate of 0.1oC/sec to 37oC, and incubated for 15 min at 37oC. 
The biotinylated products were recovered with MyOne streptavidin C1 DynaBeads 
(Invitrogen, Carlsbad, USA). 25 µL beads were used per sample. The beads were isolated 
in a suspension with a magnetic rack and washed with 25 µL 1× wash/bind buffer three 
times [2× wash/bind buffer: 2 M NaCl, 1 mM EDTA, 5 mM Tris (pH 7.5), 0.2% (v/v) Triton 
X-100]. After the final wash, the beads were resuspended in 10 µL of 2× wash/bind buffer. 
10 µL of the subtraction reaction product was placed in a 10 µL bead aliquot, mixed by 
pipetting, and then incubated for 15 min at 37oC with mixing at 200 rpm. Beads were 
then separated on a magnetic rack, and 18 µL of the eluate was transferred to a new 
tube. DNA was recovered as previously described with 5.5 µL glycogen, 10 µL 3M NaCl, 
60 µL H2O, and 150 µL isopropanol. The depleted DNA was resuspended in 5 µL 10 mM 
Tris (pH 8.0), and frozen at -80oC until further use.

PCR amplification and barcoding
A 50 µL PCR mixture was prepared in PCR tube strips for each sample with the following 
components: 10 µL 5× Phusion HF buffer, 2 µL 10 mM dNTPs, 2.5 µL 10 µM universal 
forward library primer, 0.5 µL 10 mM reverse index primer, 2.5 µL circularized rRNA-
depleted DNA template, 32.5 µL nuclease-free H2O, and 1 µL of 1 U/µL phusion high 
fidelity polymerase (Kapa Biosystems, Wilmington, USA) [universal forward primer: 
ATGATACGGCGACCACCGAGATCTACAC, reverse index primer: see Juntawong et al. 
(2015)]. 16.6 µL of the PCR mixture was aliquoted into one tube of three separate PCR 
tube strips. All PCR strips were placed in a thermal cycler with the following program: 
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cycle 1 (denaturation at 98oC for 30 sec), cycle 2-15 (denaturation at 98oC for 10 sec, 
annealing at 65oC for 10 sec, and extension at 72oC for 5 sec). One strip was removed 
from the thermal cycler at the end of cycles 10, 12, and 14. Then, 3.3 µL of 6× DNA 
loading dye was added to each reaction and ran in a 8% (w/v) polyacrylamide non-
denaturing gel, along with a 10 bp DNA ladder. Gel electrophoresis was run for about 
40 min at 180 V, while ensuring the bromophenol blue dye does not run off the gel. The 
gel was stained for 3 min in 1× SYBR Gold diluted in 1× TBE running buffer with gentle 
inversion. The gel was visualized in a gel imaging device with UV light. The amplified 
PCR product around the band with bromophenol blue was excised and placed in a 
nonstick microcentrifuge tube containing 400 µL DNA gel extraction buffer. Samples 
were incubated at -80oC for 30 min, and then incubated overnight at room temperature 
on an inverter. DNA was extracted from the gel as noted previously with 6 µL glycogen 
and 500 µL isopropanol. The final DNA product was resuspended in 16.5 µL 10 mM Tris (pH 
8.0). DNA concentrations was measured with a Qubit Fluorometric Quantitation device 
(Thermo Fisher Scientific, Waltham, USA). Samples from cycle 14 of the PCR amplification 
step were chosen to be sequenced since they were more concentrated and had a 
prominent product band in the gel. 

Library sequencing
Ribo-seq libraries were multiplexed with two samples in each lane. Libraries were 
sequenced with a HiSEQ2500 (Illumina) sequencer with 50 bp single-end reading, 
providing FASTQ files output. 

Read processing, quality check, and alignment 
Data analysis was performed on a Linux cluster and R version 3.2.2 using 
command line tools, Bioconductor R packages, and custom R scripts. Some 
scripts were adapted from a systemPipeR Bioconductor R package for 
Ribo-seq experiments (Backman and Girke, 2016). The adapter sequence 
“CTGTAGGCACCATCAATAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC” was 
trimmed with “fastx_clipper” using Linux command lines (FASTX-Toolkit). Ribo-seq derived 
reads should be around 30 bp after trimming. A FastQ quality report was generated 
using the “seeFastq” and “seeFastqPlot” functions from the R systemPipeR  package. 
Reads were mapped to the Arabidopsis thaliana Col-0 genome (TAIR10/Araport11) in 
combination with the Araport11 annotation (GFF3 file, obtained from araport.org) using 
the TopHat and Bowtie2 alignment algorithm (version 2.2.5) allowing 2 mismatches. For 
reads with multiple mapping, reads were first given priority to the transcriptome and also 
based on alignment quality score. 

Ribo-seq alignment statistics
To identify read length distributions for genomic features, the Arabidopsis thaliana 
GFF3 genome file Araport11 (obtained from araport.org) was used to match reads to 
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known genome position annotations using the R-Bioconductor “GenomicAlignments,” 
“GenomicRanges,” “Rsamtools,” “rtracklayer,” and “GenomicFeatures” packages. 
The “summarizeOverlaps” function counted the number of  reads  overlapping with 
annotation  categories exon, intron and intergenic mRNA. The coverage around the 
start/stop regions and the relative interval mean coverage of the entire open reading 
frame was determined by counting the reads in these regions on coding sequences 
using “featureCoverage” function from the “systemPipeR” package (Backman 
and Girke, 2016). Read coverage was performed for read lengths 24 to 36 nt. Reads 
were counted from -40 to +40 from the start/stop position. Before the final counting, 
all mitochondrial and chloroplastic genes were removed in addition to genes with a 
disproportionate number of counts (significantly higher counts around the start/stop 
or entire ORF region compared to all other genes): At2g01021, At3g05520, At1g68760, 
At5g60553, At3g06895, At5g02510, At3g13857, and At1g67090. 

Library read count normalization, differential expression and data exploration
Log2 Fold Changes (log2FC) and Benjamini-Hochberg-corrected P-values were 
calculated using Bioconductor R packages “edgeR” and “limma.” Only genes with 
more than 15 reads in at least one sample were included. First, libraries were normalized 
for size and compositional bias with TMM normalization (trimmed mean of M-values). A 
generalized linear model with a full factorial design of treatment (3 levels: air control, 
submergence, and recovery) and accession (2 levels: Bay-0 and Lp2-6) was fitted to 
the TMM normalized read count data with a negative binomial distribution. Appropriate 
comparisons of the treatment, accession and interaction coefficients allowed the 
calculation of log2FC and significance for specific treatments, accession-specific 
treatment responses (accession × treatment interaction) and treatment-independent 
differences between the accessions. Initial data exploration was performed with MDS 
plots, scatterplots, and Venn diagrams. A multidimensional scaling plot was created 
with “plotMDS” function within “edgeR” Bioconductor R packages. Distance between 
samples was based on the top 2000 differing genes in each pairwise comparison of 
samples. Scatterplots of log2FC comparisons were plotted using custom plotting functions 
on R. Gene lists were also compared with VENNY (version 2.1.0; http://bioinfogp.cnb.
csic.es/tools/venny/index.html) to determine distinct and overlapping genes. 

Gene clustering and Gene Ontology enrichment analysis
Genes that behaved similarly in both accessions and those that behaved differently 
were clustered separately with fuzzy-K-means clustering (R “cluster” library). First, RPKM 
values that were also normalized for library composition (TMM, edgeR) were scaled 
so that for each gene, the average RPKM across all samples was zero and standard 
deviation was one. The scaled RPKM values were used for fuzzy k-means clustering using 
Euclidean distances metrics and a membership exponent of 1.2. The genes that were 
the best representation of their cluster (Membership Score > 0.5) were used for visual 
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representation of clustering output. These genes were tested for Gene Ontology (GO) 
enrichment using the “GOseq” Bioconductor package assuming a hypergeometric 
distribution and Benjamini-Hochberg-corrected P-values.

Identifying alternatively spliced genes
Alternative splicing was analyzed as described in van Veen et al. (2016), where 
reads mapping to gene regions that specify specific transcript isoforms (VIGR: variant 
identifying gene regions; introns) were compared to those mapping to the total exoninc 
genomic area of a gene. Genes at these regions were identified as alternatively spliced 
if they responded stronger or weaker to the treatment in the VIGR or intron than in the 
total exonic region. Here a negative binomial distribution of count data was assumed. 
These comparisons were performed on R using the “MASS” and “multcomp” packages 
and custom functions.  

Transcription factor analysis
Locus IDs of DEGs were inputted into the Arabidopsis transcription factor database 
(AtTFDB) (Arabidopsis Gene Regulatory Information Server, The Ohio State University, 
http://arabidopsis.med.ohio-state.edu/AtTFDB). The database identified if genes were 
annotated as one of 50 transcription factor families. Log2FC of these transcription factors 
were displayed on a heatmap constructed with Multiple Experiment Viewer (MeV; 
http://mev.tm4.org).

Hormonal signature analysis 
The HORMONOMETER tool was used to identify hormone response signatures using gene 
log2FC and adjusted p-values from the Ribo-seq dataset compared to a ATH1 microarray 
dataset of transcriptional hormonal alterations due to exogenous plant hormone 
applications for different time points (Volodarsky et al., 2009; http://hormonometer.
weizmann.ac.il). To use the HORMONOMETER tool, Arabidopsis gene locus IDs were 
converted to microarray probe IDs using “_at to AGI Conversion Tool” (The Bio-Analytic 
Resource for Plant Biology, University of Toronto).  2377 genes without microarray probe 
IDs were not included in this analysis. 

Results

Employing a Ribosome-sequencing approach 
Following characterizations of physiological submergence responses in the submergence 
intolerant accession Bay-0 and submergence tolerant Lp2-6, Ribo-seq was performed to 
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elucidate molecular differences causing variations in post-submergence responses. To 
identify molecular responses during normal growth, submergence, and recovery after 
de-submergence, intermediate leaves were harvested from plants of both accessions 
under the following conditions: control non-submerged plants, de-submerged plants 
after 5 days of dark submergence, and plants recovered after 5 days of submergence 
for 3 hours in normal air and light conditions (Figure 3.1). Plants submerged for 5 days 
were developmentally arrested and had a similar number of leaves as control pre-
submerged plants. The 3 hour time point after de-submergence was chosen since it 
showed the strongest visible and physiological differences between Bay-0 and Lp2-6 
in terms of their chlorophyll content and dehydration stress, as described in Chapter 2. 

Figure 3.1: Overview of Ribo-seq experimental design and treatment comparisons in Arabidopsis. 
Intermediate leaves (indicated by asterisks) were harvested for Ribo-seq from Bay-0 and Lp2-6 10-leaf 
stage plants before the start of the treatment (0 hour control), 5 days dark submergence and 3 hours 
after de-submergence (3 hours recovery). The Zeitgeber (ZT) time indicates the 9 hours photoperiod 
and 15 hours night of the plants’ short day growth conditions. To compare accessions independent of 
treatment responses, Lp2-6 was subtracted from Bay-0 at each harvesting time point: 0 hour control, 5 
days dark submergence, or 3 hours recovery. The submergence effect was investigated by comparing 
5 days submergence treated samples to the 0 hour control (“submergence comparison”). Both samples 
were harvested at the same time during the photoperiod. The recovery effect was a comparison of 
5 days submerged samples to those recovered for 3 hours in control air and light conditions after 
de-submergence (“recovery comparison”). The combined effect of submergence and recovery 
was determined by comparing de-submerged 3 hours recovery plants with 0 hour control plants 
(“combined response”).
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Figure 3.2: Ribo-seq allows for 
isolation and identification of 
ribosome-associated mRNA 
transcripts.
(A) General scheme of 
the Ribo-seq protocol. 
Polysomes were pulled 
down with sucrose gradient 
fractionation separating 
cellular components based 
on their molecular weights. 
Polysomes were then 
digested into monosomes 
with RNaseI, which was 
confirmed with absorbance 
profiles. The mRNA enclosed 
within the ribosomes was 
isolated and constructed 
into cDNA libraries for Illumina 
sequencing. 
(B) Representative 
absorbance profile at 254nm 
of ribosomes fractionated by 
sucrose density gradients and 
subjected to RNaseI or RNaseI 
inhibitor (control sample). 
The first two peaks represent 
the 40S and 60S monosomes, 
followed by the 80S peak 
and the polysome peaks. 
The time is representative of 
the sucrose density gradients 
running through the UV 
absorbance detector.

A 

B

The Ribo-seq procedure illustrated in Figure 3.2A involves pulling down 
polysomes (a string of ribosomes) using sucrose gradient fractionation to separate 
polysomes from lighter cellular components based on molecular weight. Cycloheximide 
immobilized ribosomes to prevent translocation during elongation (Ingolia et al., 2009). 
RNaseI nuclease effectively digested polysomes into monosomes (individual ribosome 
complexes) by cleaving mRNA not enclosed by the ribosome. An absorbance profile 
at 254nm for samples without RNaseI digestion showed distinct polysome peaks and a 
lower 80S monosome peak (Figure 3.2B). Meanwhile, RNaseI-digested samples showed 
degradation of polysome peaks into mainly a 80S peak and a high 60S peak (reflecting 
a ribosomal subunit), indicating RNaseI digestion effectively isolated monosomes from 
polysomes.          
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Ribo-seq resulted in over 38 million reads mapped to the annotated Col-0 genome 
(Supplemental Figures 3.S1A and 3.S1B), with a high number of exonic read alignments 
(Supplemental Figure 3.S1C), thus reflecting highly successful mapping. After trimming 
the 50 bp sequencing reads for barcode and adapter sequences, reads averaged 30 
bp in length corresponding with the approximately 30 nt length of mRNA transcripts 
enclosed within the ribosome (Supplemental Figure 3.S2A). This length confirmed the 
high quality of Ribo-seq reads comparable with the average length of protected 
mRNA fragments in previous Arabidopsis Ribo-seq studies (Juntawong et al., 2014). 
Ribo-seq takes a snapshot of translation, so there is a ribosome pileup with most reads 
concentrated on a single base, typically the first nucleotide of the AUG start codon 
located at the translational start site (TSS). By counting reads at each nucleotide position, 
a pile-up of reads was identified at position 0, thus confirming mapping of the reads near 
the TSS (Supplemental Figure 3.S2B).

A multidimensional scaling (MDS) plot showed the distributional distance 
between samples to identify the degree of similarities (Supplemental Figure 3.S2C). 
The air control samples (red circle symbols) clustered together on the left side of the 
MDS plot for both Bay-0 and Lp2-6, reflecting similarities between the accessions under 
normal growth conditions. Molecular responses of control samples were clearly distinct 
from submergence (blue square symbols) and recovery (green triangle symbols) 
samples, which clustered loosely on the right. Bay-0 submergence samples had the 
strongest molecular responses, as the squares clustered on the far right. Recovery Bay-0 
samples shifted left from the submergence samples. The shift of Lp2-6 submerged and 
recovery samples to the left of Bay-0 samples reflected a weaker molecular response 
in Lp2-6. Recovery Lp2-6 samples showed the same trend as those of Bay-0 by shifting 
to the left of submerged samples. We conclude that the considerable spatial clustering 
differences indicated strong variation in molecular responses between Bay-0 and Lp2-6. 

Submergence and recovery induce distinct changes in ribosome associated-transcripts 
with stronger responsiveness in Bay-0  
Three main comparisons were made for the Ribo-seq data analyses to calculate the log2 
fold change in mRNA abundance (log2FC) (Figure 3.1): (1) To determine the submergence 
effect, 5 days submergence samples were compared to the 0 hour air controls for each 
accession (termed “submergence comparison”). (2) Recovery effect was determined 
by comparing samples recovered for 3 hours following de-submergence and the 5 day 
submerged samples (termed “recovery comparison”). (3) For determining the combined 
effect of 5 day submergence followed by 3 hour recovery, samples recovered for 3 hours 
were compared with 0 hour control samples (termed “combined response”). Under all 
three comparisons (submergence comparison, recovery comparison, and combined 
response), Bay-0 had more differentially expressed genes (DEGs) than Lp2-6 (Figure 
3.3A). In the “submergence comparison,” Bay-0 had a total of 8447 DEGs, in contrast 
to 5514 DEGs in Lp2-6. In the “recovery comparison,” there were far fewer DEGs in both 
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accessions, but Bay-0 still had 551 DEGs compared to merely 70 DEGs in Lp2-6. In the 
analysis of the “combined response,” Bay-0 had 7919 DEGs but Lp2-6 had 3828 DEGs. For 
both accessions, in the “submergence comparison” and the “combined response,” the 
number of upregulated and downregulated DEGs were almost equivalent, with slightly 
more downregulated DEGs. 

To investigate how the treatment effects relate to each other within each 
accession, the “submergence comparison” was compared to “recovery comparison” 
and the “combined response” using scatterplots (Figures 3.3B and 3.3C). In Bay-0 
treatment comparisons, more unique recovery-specific DEGs (red dots) clustered in the 
top quadrants, indicating that recovery DEGs had higher magnitudes of response under 
the “recovery comparison” and the “combined response” than under “submergence 
comparison.” Recovery DEGs were less abundant in Lp2-6 scatterplots, and Lp2-6 
recovery-specific genes showed lower fold change values than those of Bay-0. In both 
accessions, the positive linear correlation in the scatterplots between the “submergence 
comparison” and “combined response” indicated a similarity between both treatments. 
In contrast, scatterplots of “submergence comparison” and “recovery comparison” 
indicated that recovery effect alone was only weakly correlated to submergence 
effects, as reflected in the weak negative correlation. The “combined response” was 
thus mainly determined by submergence and not recovery alone, as reflected in the 
linearity of the scatterplots. 

For all comparisons, Bay-0 and Lp2-6 showed overlapping responses, with 
Bay-0 always being more responsive under all treatment comparisons. This was also 
reflected in Venn diagrams displaying distinct and common DEGs between Bay-0 and 
Lp2-6 for all comparisons (Supplemental Figure 3.S3). Bay-0 had more unique genes 
than Lp2-6 in all comparisons, which may be reflected in the higher amount of DEGs. 
In conclusion, submergence induced more changes in ribosome-associated transcript 
abundance than recovery alone, with Bay-0 being much more responsive than Lp2-6 
to all treatments. 

The combined response of submergence and recovery elicits the strongest accession-
specific differences
The treatment-independent accession differences reflected a direct transcriptomic 
comparison between the accessions regardless of their treatment responses (Figure 
3.4A). Fold changes were compared between Bay-0 and Lp2-6 for each sampling time 
point (0 hour control, 5 day submergence, or 3 hour recovery; as shown in Figure 3.1). 
Under control conditions, accession differences were very small, as also observed in the 
MDS plot (Supplemental Figure 3.S2C). After 5 days of submergence, there were 1003 
DEGs showing differences between Bay-0 and Lp2-6. The 3 hour recovery time point 
had the largest difference with 2944 genes showing significant differences between the 
accessions. 

To identify accession-specific genes for the “submergence comparison,” 
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Figure 3.3: Bay-0 displays more molecular changes in 
the submergence and combined response comparison. 
(A) Number of differentially expressed genes (DEGs) 
identified using three treatment comparisons (See Figure 
3.1): under submergence (“sub comparison”), recovery 
alone (“recovery comparison”), and submergence 
followed by recovery (“combined response”). DEGs are 
classified as upregulated (up) or downregulated 
(down). Genes with Padj value < 0.05 are defined as 
DEGs.
(B) Comparison of submergence and recovery log2FC 
values for each accession separately. Red dots 
represent recovery DEGs and black dots represent 
submergence DEGs. 
(C) Comparison of log2FC values under 
submergence and the combined response 
separately for Bay-0 and Lp2-6. Red dots represent 

A 

C 

B recovery DEGs. Black dots 
represent all remaining
DEGs expressed in 
Bay-0 or Lp2-6 under 
the “submergence 
comparison” and the 
“combined response.”

“recovery comparison,” or “combined effect,” an accession × treatment interaction 
was calculated using an ANOVA statistical test. The identified DEGs were classified 
as accession × treatment interaction genes for each comparison (Figure 3.4B). There 
were 194 genes in the accession × “submergence comparison” interaction, and 982 
genes in the accession × “combined response” interaction. Very few genes (194) 
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showed an accession-specific submergence effect, especially compared to 8447 
genes responding to submergence in both accessions (Figure 3.3A). No accession-
specific DEGs were identified for recovery alone (“recovery comparison”). Therefore, 
the biggest differences between the two accessions were found to be linked to the 
combined response of submergence followed by recovery.

DEGs were further explored with scatterplots measured by log2FC values to 
visualize the overlap of transcriptional changes between Lp2-6 and Bay-0 under the 
three comparisons. In both the “submergence comparison” and the “combined 
response,” Bay-0 responded more strongly with more accession-specific DEGs (red 
dots) with significantly higher up or downregulation (Figure 3.4C). The fewer DEGs 
of the “recovery comparison”  were distributed in a circular shape rather than a 
clear linear trend, suggesting variation in the recovery between Bay-0 and Lp2-
6.  The small magnitude of fold change differences reflected the relatively small 
effect of 3 hours of recovery on the total response. In the scatterplot comparing 
combined responses between the two accessions, there were many accession × 
“combined response” genes (red dots), especially those with higher log2FC values in 
Bay-0 (Figure 3.4C). This highlights that the strongest accession-specific differences 
are found when considering the combined effects of submergence and recovery.

Fuzzy-k clustering and gene ontology analysis revealed molecular processes common 
to submergence and post-submergence stress
The DEGs identified in the different treatment comparisons and accessions were present 
in all quadrants of the scatterplots (Figure 3.4C) due to strong variations in log2FC values. 
To visualize the behavior of these DEGs at the three treatment time points (0 hour 
control, 5 days submergence, and 3 hour recovery) and identify DEGs that showed 
similar expression patterns in each accession, these DEGs were clustered based on their 
expression levels (normalized RPKM values) using fuzzy-k means clustering (Figure 3.5 and 
3.6). Enrichment of Gene Ontology (GO) biological processes categories in the clusters 
assigned a specific role to these groups of co-expressed genes.
 The fuzzy-k clustering approach was first applied to all the identified common 
response genes (all DEGs with Padj value < 0.05 that showed similar levels of differential 
regulation in both accessions, in all treatment comparisons). This resulted in the distribution 
of these genes into five clusters of the fuzzy-k plot (Figure 3.5). The largest cluster (K1) 
contained 1776 genes showing downregulation during submergence, and further 
downregulation upon recovery. This gene cluster was dominated by many biological 
processes related to photosynthesis, light responses, and protein modifications. In 
the second cluster (K2), 1449 genes were downregulated under submergence but 
reactivated during recovery. These genes clustered in the same GO categories also 
enriched in cluster 1, and were mostly related to translation and ribosome biogenesis, 
and ribosomal small subunit assembly. The third cluster (K3) had 1146 genes that were 
strongly upregulated during submergence and remained upregulated after 3 hours 
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Figure 3.4: The combined response shows more accession-specific responses compared to the 
submergence and recovery comparison.
(A) Number of DEGs with a Padj value < 0.05 cutoff showing absolute differences independent of the 
treatment responses when read counts of Bay-0 were subtracted from Lp2-6 during the same treatment 
conditions (air control, submergence, or recovery).
(B) Number of DEGs for accession × treatment interaction effects with a Padj value < 0.05 cutoff for the 
“submergence comparison,” “recovery comparison,” and “combined response.” 
(C) Scatterplots comparing Bay-0 and Lp2-6 log2FC under the “submergence comparison,” “recovery 
comparison,” and “combined response.” Red dots represent genes showing a significant accession 
× treatment interaction effect (Padj value < 0.05), and all remaining genes are plotted as black dots.

A                                                    B

C 

of recovery. These strongly activated processes were mostly related to transcription, 
salicylic acid response, wounding, and proteolysis. The fourth cluster (K4) (upregulated 
upon submergence, and downregulated upon recovery) composed of 954 genes 
associated with protein ubiquination, response to sucrose starvation, and leucine 
catabolic process. The fifth cluster (K5) consisted of 546 genes that were upregulated 
upon submergence and further upregulated under post-submergence. This cluster 
showed enrichment in several GO terms including response to water deprivation, heat, 
abscisic acid, oxidative stress, and glutathione metabolic processes.
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Figure 3.5: Fuzzy-k plot clustering of common response DEGs in Bay-0 and Lp2-6. Fuzzy-k plots were 
used to visualize the regulation patterns of common response DEGs (Padj value < 0.05), under control, 
submergence (5 day submergence), and recovery (3 hour recovery) followed by GO analyses of 
identified clusters. DEGs were plotted individually as a single black line using scaled and normalized 
RPKM values (corrected for library size and library composition). The number of DEGs in each fuzzy-k 
cluster is denoted. DEGs were assigned into one of 5 clusters based on their regulation pattern during 
air, submergence, and recovery. GO terms are visualized as a heatmap, where higher yellow color 
intensity indicates a stronger correlation between the cluster of genes and the GO biological process 
term.
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Contrasting molecular processes highlights accession-specific responses to 
submergence and post-submergence stress
A similar approach using fuzzy-k plots was used to visualize the regulation patterns of 
the accession-specific DEGs. These submergence and post-submergence DEGs (Padj 

value < 0.05) determined the accession × treatment effect and showed a contrasting 
response in regulation between Bay-0 and Lp2-6 (Figure 3.6). The seven clusters for DEGs 
with contrasting accession responses displayed more variation in expression patterns 
compared to the fuzzy-k plot of common response genes. The first cluster (K1) comprised 
of 362 genes downregulated under submergence in both accessions, but the degree 
of gene repression was stronger in Bay-0. These genes were no longer downregulated 
upon recovery, but the pattern of regulation was clearly different between Bay and Lp2-
6. These genes mostly related to embryo sac and cotyledon development, ribosome 
biogenesis, and rRNA processing. 

The second cluster (K2) of 557 genes was downregulated under both 
submergence and recovery in Bay-0. In Lp2-6, however, repression of gene expression 
under submergence was not as severe as Bay-0, and during recovery genes were 
upregulated again. This cluster had the most variable GO term associations, ranging 
between translation, photosynthesis processes, biosynthesis of organic compounds, and 
cytokinin response. 

The third cluster (K3) of 373 genes showed a strong downregulation upon 
submergence in Bay-0, an effect that was further exaggerated during the post-
submergence recovery phase. However, Lp2-6 only showed a minimal downregulatory 
response upon submergence which was reversed during post-submergence 
recovery. These genes only correlated with the GO terms for chlorophyll biosynthesis, 
chloroplast organization, plastid gene transcription, and termination of transcription. 

In cluster 4 (K4), 810 genes were strongly induced by submergence and 
remained upregulated during recovery, but this upregulation was slightly stronger 
in Bay-0 compared to Lp2-6. During recovery in Lp2-6, some genes were no longer 
activated. Biological processes of these genes were mostly associated with known post-
submergence damage characteristics, including oxidative stress, ethylene, abscisic 
acid, starvation, autophagy, and leaf senescence. 

The fifth cluster (K5) comprised of 559 genes showing strong upregulation 
during submergence and further upregulation during recovery, though the responses 
were stronger in Bay-0. These genes were mostly related to defense and hypersensitive 
responses. 

For the last two clusters (K6 and K7), the spread of the regulation pattern 
varied greatly between genes. In Bay-0 there was no consistent pattern in either of 
these clusters across the three treatments. Meanwhile in Lp2-6 there was increasing 
upregulation across submergence and recovery in K6 and increasing downregulation in 
K7 for both treatments. Cluster 6 (K6) contained the lowest number of genes (184) out of 
the 7 clusters, thus the genes were not enriched in any GO categories. Cluster 7 (K7) had 
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Figure 3.6: Clustering of accession-specific DEGs into fuzzy-k plots reveals distinctive regulation patterns 
under control, submergence, and recovery conditions. Fuzzy-k plots were used to visualize the regulation 
patterns of accession × treatment specific DEGs (Padj value < 0.05), under control, submergence (5 day 
submergence), and recovery (3 hour recovery) followed by GO analyses of identified clusters. DEGs 
were plotted individually as a single black line using scaled and normalized RPKM values (corrected for 
library size and library composition). Accession-specific DEGs were organized into 7 clusters based on 
regulation patterns. The number of DEGs in each fuzzy-k cluster is noted. GO terms are visualized as a 
heatmap, in which higher yellow color intensity indicates a stronger enrichment of the GO biological 
process term.
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271 genes and these correlated with the defense response and translational elongation 
GO categories. 
 
Transcription factors mediating post-submergence recovery responses
Specific DEGs were identified to determine if their abundance can influence the rate 
of transcription and gene expression due to their role as transcription factors (TFs). 
Accession- specific DEGs for “submergence comparison” and the “combined response” 
were identified as TFs if they corresponded with the annotation of the 50 TF families in 
the Arabidopsis genome of the Arabidopsis TF database (AtTFDB, Agris) (Figure 3.7). The 
following TF families, showing significant submergence differences in gene regulation 
between Bay-0 and Lp2-6, were identified in the “submergence comparison”: AP2-
EREBP (APETALA2 and ethylene-responsive element binding proteins), bHLH (basic helix-
loop-helix), C2H2 zinc fingers, homeobox, NAC [no apical meristem (NAM), ATAF1/2, 
cup-shaped cotyledon (CUC2)], TCP (TEOSINTE BRANCHED 1, CYCLOIDEA, PCF1), 
and trihelix. All 14 TFs identified for the accession-specific “submergence response” 
also showed an accession-specific difference for the “combined response,” with the 
additional TF families: ARID (AT-rich interaction domain), bZIP (basic region/leucine 
zipper motif), C2C2-CO-like (CONSTANS LIKE genes), C2C2-Dof (DNA-binding with one 
finger), C2C2-Gata (GATA-binding), CCAAT-HAP3 (CCAAT-box), E2F-DP (cyclin D/
retinoblastoma/E2F pathway), GRAS [GIBBERELLIC-ACID INSENSITIVE (GAI), REPRESSOR 
of GAI (RGA) and SCARECROW (SCR)], HSF (heat shock transcription factor), MADS 
(MCM1, AGAMOUS, DEFICIENS, SRF), MYB (myeloblast), WRKY (W-box (T/A)TGAC(T/A) 
cis-regulatory element), and ZF-HD (zinc finger homeodomain). Most TFs were highly up 
or downregulated in Bay-0 and with low regulation in Lp2-6, reflected by the darker 
color intensity of Lp2-6 TFs. Most TFs fell under the regulation pattern of the contrasting 
response cluster 4, the remaining in cluster 2, 3, or 5 with a few in cluster 1 or 6 (Figure 3.6). 
The cluster 7 regulation pattern had no TFs. 

Ribo-seq revealed genes showing alternative splicing for stress-induced regulatory 
processes
Alternative splicing (AS) is a post-transcriptional process occurring before mRNA 
translation. mRNA subjected to AS events leads to different splice isoforms of the 
same gene. Therefore different exon compositions can encode for multiple proteins. 
AS events include exon skipping, alternative 3’acceptor splice sites, mutually exclusive 
exons, alternative promoters, and alternative poly(A). Genes with intron retention (IR) 
were separately classified as another type of AS event, in which mRNA transcripts 
retain introns instead of splicing them out. Intron retention may cause premature 
termination, especially when upstream open reading frames (uORFs) are overlapping 
with the authentic start codon (AUG) of the main open reading frame (ORF), resulting 
in an unstable mRNA isoform that may be targeted for nonsense-mediated decay 
(NMD) (Ner-Gaon et al., 2004; Reddy et al., 2013; Staiger and Dorothee, 2015). In Lp2-
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Figure 3.7: Transcription factors 
identified in the accession-
specific DEGs for submergence 
and the combined response. 
Transcription factors (TFs) with 
accession-specific differences (Padj 

value < 0.05) under submergence 
(“submergence comparison”) 
and submergence followed by 
recovery (“combined response”). 
Log2FC values are indicated by 
intensity of the color scale from 
-6 (cyan color) to 6 (yellow color) 
for Bay-0 and Lp2-6 under the 
“submergence comparison,” 
“recovery comparison,” and 
“combined response.” The TF family 
is listed in the first column, followed 
by the corresponding contrasting 
response fuzzy-k cluster of the TF. TFs 
not associated with a fuzzy-k cluster 
do not have a cluster listed. The 
Arabidopsis gene locus ID is listed, 
along with the commonly used 
gene abbreviation if available, 
and a description of the TF. TFs of 
interest based on their function in 
stress-related metabolic processes 
are highlighted in blue.
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6, only 13 AS genes were identified in the “submergence comparison” and “recovery 
comparison” in contrast to over 100 AS genes in Bay-0 for the same comparisons (Figure 
3.8A). Fewer AS events occurred in the “combined response,” since only 4 AS genes 
were identified in Bay-0 compared to 14 AS genes in Lp2-6. A similar trend in number of 
AS events between the two accessions was observed for genes with IR (Figure 3.8B). In 
the “submergence comparison” and “recovery comparison,” Bay-0 had more genes 
with IR events (127 and 129 genes, respectively) than Lp2-6 (44 and 37). However, in 
the “combined response” comparison, Lp2-6 had almost 2 times as many IR genes than 
Bay-0. In general, the AS events were less abundant when examining the submergence 
and recovery responses together (“combined response”).
 Selected AS genes of interest were further explored for their differential regulation 
across the treatments. PHOSPHOENOLPYRUVATE CARBOXYLASE 2 (PPC2; At2g42600; 
Figure 3.9A) has three splice variants, and is crucial for balancing carbon and nitrogen 
metabolism through the catalyzation of bicarbonate to phosphoenolpyruvate (PEP) to 
yield oxaloacetate, a substrate of the citric acid cycle (Shi et al., 2015; Feria et al., 2016). 
Under submergence and the combined response, Bay-0 and Lp2-6 both accumulated 
the At2g42600.3 variant, with more of this transcript in Lp2-6. A distinct isoform of PPC2 
could potentially affect enzyme activity and influence the metabolic role of this enzyme 
during submergence and recovery.

Another AS gene of interest was PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK; 
At4g15530; Figure 3.9B). AS of PPDK was previously reported to be induced in Arabidopsis 

Figure 3.8: Submergence and recovery response regulation through alternative splicing 
events. Genes undergoing alternative splicing (AS) were determined for the “submergence 
comparison,” “recovery comparison,” and the “combined response” (as defined in Figure 3.1) 
in Bay-0 and Lp2-6.
(A) Number of AS DEGs (Padj value < 0.05) under the “submergence comparison,” “recovery 
comparison,” and “combined response.” 
(B) Number of AS DEGs (Padj value < 0.05) containing intron retention under the “submergence 
comparison,” “recovery comparison,” and “combined response.”

A                                                  B
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by low oxygen submergence conditions (Vashisht et al., 2016), and also observed 
under anoxia in rice coleoptiles (Huang et al., 2005). Under normal growth conditions, 
the long, chloroplast-targeted transcript (possibly the At4g15530.1 isoform) was made, 
as typically found in green leaves (Imaizumi et al., 1997). During submergence and 
subsequent recovery, the shorter transcript (At4g15530.2) was more abundant in both 
accessions. This variant lacks a targeting sequence to the chloroplast and its product 
accumulates in the cytosol (Parsley and Hibberd, 2006). PPDK interconverts pyruvate and 
phosphoenolpyruvate and has been implicated in the remobilization of nitrogen during 
leaf senescence in Arabidopsis (Taylor et al., 2010), a role likely to be of importance in 
submergence recovery as well. 
 Impact of AS events on cellular localization was also observed with SUCCINATE 
DEHYDROGENASE 3-1 (SDH3-1; At5g09600; Figure 3.9C), one of the four subunits of 
mitochondrial respiratory complex II. SDH3-1 transcripts were encoded in the nucleus 
but are targeted for the mitochondria (Figueroa et al., 2002). Under submergence 
and recovery, the N-terminus of Bay-0 was different than that under normal growth 
conditions. Hence, there may be less import of SDH3-1 into the mitochondria, leading to 
dampened mitochondrial activity. 
 AS events lead to altered acclimation responses, exemplified by ACCLIMATION 
OF PHOTOSYNTHESIS TO ENVIRONMENT (APE1; At5g38660; Figure 3.9D). Interestingly, two 
very different proteins were produced due to AS of this gene. Under control conditions, 
the At5g38660.1 splice isoform was made, but under submergence and recovery, the 
splice variant shifted to At5g38660.2. APE1 was downregulated in Bay-0 and Lp2-6 under 
both conditions (Supplemental Figure 3.S6). Arabidopsis ape1 mutants have reduced 
PSII photochemical efficiency due to restricted electron transport (Walters et al., 2003), 
corresponding with downregulation of photosynthetic genes under submergence and 
recovery (Figures 3.5 and 3.6). 
 AS of BETA CARBONIC ANHYDRASE 1 (βCA1; At3g01500; Figure 3.9E), together 
with BETA CARBONIC ANHYDRASE 4 (βCA4; At1g70410; Figure 3.9F) could have led to 
altered CO2-controlled stomatal movements in the guard cells (Hu et al., 2015). Both 
genes had more accumulation of splice variant transcripts in Lp2-6. For βCA1, the 
At3g01500.1 isoform was more abundant in Lp2-6. AS of βCA4 was even more interesting, 
as the short transcript was made (At1g70410.1 or At1g70410.3) under submergence and 
recovery following de-submergence in Bay-0, but under these conditions in Lp2-6, the 
long transcript was made (At1g70410.2). Hence, through AS events, Lp2-6 may have 
had differential regulation of stomatal conductance compared to Bay-0. 

Figure 3.9: Ribosome profiling identified alternatively spliced genes of interest. Coverage plots of 
selected genes identified as being alternatively spliced in the “submergence comparison,” “recovery 
comparison,” and the “combined response.” Coverage plots show alternative splicing patterns of 
the genes under control (0 hour), after submergence (5 days submergence), and recovery (3 hour 
recovery) for Bay-0 and Lp2-6. Coverage plots were normalized to the maximum read depth, and 
splice variants of the gene are shown underneath the plots (introns, line; exons, solid boxes). 
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A                                                     B

C                                                     D

E                                                      F

(A) PHOSPHOENOLPYRUVATE CARBOXYLASE 2 (PPC2), At2g42600
(B) PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK), At4g15530 
(C) SUCCINATE DEHYDROGENASE 3-1 (SDH3-1), At5g09600 
(D) ACCLIMATION OF PHOTOSYNTHESIS TO ENVIRONMENT (APE1), At5g38660 
(E) BETA CARBONIC ANHYDRASE 1 (βCA1), At3g01500 
(F) BETA CARBONIC ANHYDRASE 4 (βCA4), At1g70410
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Discussion

Studies on post-submergence recovery or reoxygenation from an anoxic/hypoxic 
environment have revealed that affected plants experience a ROS burst (Monk et al., 
1987b; Fukao et al., 2011; Tamang et al., 2014; Tsai et al., 2014; Pucciariello and Perata, 
2017; Yuan et al., 2017), photoinhibitory damage (Luo et al., 2009; Luo et al., 2011; 
Alpuerto et al., 2016), and dehydration-related symptoms (Setter et al., 2010; Fukao et 
al., 2011; Raineri et al., 2015; Alpuerto et al., 2016). Although these post-submergence 
stressors have been characterized, less is known about the molecular control of post-
submergence damage and recovery. 

Ribosome-sequencing (Ribo-seq) was used as an unbiased platform to 
determine the common and differential molecular stress responses to submergence and 
post-submergence conditions in two Arabidopsis accessions Bay-0 and Lp2-6 that were 
found to differ in submergence recovery. mRNA transcripts isolated for Ribo-seq are of 
high priority to be actively expressed as proteins since they are located on the ribosome 
to be translated. Effective ribosome-enclosed mRNA isolation (Figure 3.2B) and high 
numbers of exonic reads aligning to the Araport11 Col-0 genome (Supplemental Figure 
3.S1C) confirmed that Ribo-seq is a reliable platform for elucidating post-submergence 
molecular responses. The Ribo-seq technique identified DEGs including transcription 
factors and several phytohormones as well as alternative splicing to be important for 
regulating post-submergence recovery. 

Arabidopsis molecular responses to submergence and post-submergence conditions
Long-term submergence stress and the recovery period thereafter induced genome-
wide reconfiguration of the ribosome-associated transcripts in Bay-0 and Lp2-6 
(Supplemental Figure 3.S2C). In both accessions, the molecular response under recovery 
alone was very distinct from the response to the submergence phase. However, when 
comparing submergence and the combined response (submergence and recovery 
together), molecule responses were highly comparable. It is very likely that although 
there are specific processes triggered only upon re-aeration, molecular changes 
occurring during the submergence phase strongly influence the recovery response 
following de-submergence.

Genes regulated similarly in the two accessions showed various patterns of 
regulation as visualized using fuzzy-k mean plots (Figure 3.5). These gave an overview of 
the regulation of molecular processes before the start of submergence (0 hour control), 
submergence (5 days of dark submergence), and the combined response of 5 days 
submergence and 3 hours of recovery. The general regulation pattern of the similarly 
expressed common genes between Bay-0 and Lp2-6 was observed by the linearity of 
the scatterplots (Figure 3.3C) and the similar degree of upregulation or downregulation 
depicted by the fuzzy-k plot (Figure 3.5). After 5 days of submergence, processes related 
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to photosynthesis, light responses, cell modification, and translation were dampened. 
This was in line with previous research supporting hindered underwater photosynthesis, 
due to low light levels and restricted gas diffusion in submerged plants (Marrero and 
Mason, 1972; Jackson, 1985; Sand-Jensen, 1989; Pedersen et al., 2013). Downregulated 
light responses also corresponded with the fact that submergence was imposed in 
complete darkness. Lack of photosynthesis could reflect the excess usage of cellular 
energy that could not be replenished underwater, hence inducing cellular responses 
to sucrose starvation. Although return to an air environment with high light intensity 
reactivated some photosynthetic and light signaling genes, most photosynthetic 
processes remained dampened post-submergence. Photosynthetic damage 
correlated with post-submergence studies in rice (Panda and Sarkar, 2012; Alpuerto et 
al., 2016) and the riparian species Hemarthria altissima and Alternanthera philoxeroides 
(Luo et al., 2009; Luo et al., 2011) showing reduced photosystem II performance during 
recovery from submergence. Processes related to translation and ribosome assembly 
were also strongly represented in the largest cluster (K2), where submergence-induced 
repression was relieved upon re-aeration. Reduction of mRNAs associated with the 
energetically expensive translational machinery has been shown to occur under energy 
limiting stress conditions such as hypoxia in Arabidopsis (Mustroph et al., 2009). Prolonged 
submergence as imposed here likely causes severe hypoxia and energy depletion, and 
a reduction in translation-associated genes would be an energy conserving strategy. 
At the same time, resumption of the translation of these mRNAs would be essential to 
initiating the recovery process.

Cluster 5 of the fuzzy-k plot constituted the most interesting common response 
cluster relating to post-submergence stressors of oxidative and desiccation stress. 
These genes were strongly induced under submergence, and even further after de-
submergence. High levels of post-submergence ROS formation could be supported by 
the appearance of the GO term “response to oxidative stress.” The endoplasmic reticulum 
(ER) may have excess ROS production leading to ER damage, hence the GO term 
“response to ER stress.” In response to ROS, antioxidants can be activated, as supported 
by higher post-submergence gene expression for “glutathione metabolic process” and 
“toxin catabolic process.” ROS damage may also be linked to desiccation stress, which 
was previously characterized as a negative consequence of post-submergence stress in 
rice (Setter et al., 2010; Fukao et al., 2011; Alpuerto et al., 2016), sunflower (Raineri et al., 
2015), and Arabidopsis (Tsai et al., 2014). Phenotypic observations of post-submergence 
water loss in the early hours after de-submergence could be complemented with the 
appearance of dehydration-related GO terms “response to salt stress,” “response to 
water deprivation,” and “response to heat.” In addition, “response to abscisic acid” 
was strongly induced, and this hormone has been implicated in the control of stomatal 
aperture to prevent transpiration under water limiting conditions. 

Both submergence and post-submergence conditions may elicit a general stress 
response, resulting in high number of DEGs under the “submergence comparison” and 
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“combined response” (Figure 3.3A). Yet, a higher magnitude of response to oxidative 
stress and dehydration stress was induced by the combination of submergence and 
recovery conditions, thereby highlighting the importance of restricting these post-
submergence stressors.

Accession-specific molecular processes may be linked to observed recovery differences 
between Bay-0 and Lp2-6
In all condition comparisons of 5 days of dark submergence, 3 hours of recovery, or the 
combination of both in post-submergence recovery, Bay-0 had much more DEGs than 
Lp2-6 (Figure 3.3A). Scatterplots of log2FC values also reflected the stronger differential 
regulation in Bay-0 (Figure 3.4C). Bay-0 may have been more stressed by submergence 
and the combined response, and possibly had to reconfigure more DEGs to counter the 
higher sensitivity to the imposed stresses. Bay-0 might also have more DEGs than Lp2-6 
under submergence and recovery because it was incapable of ribosome clearing or 
more mRNA was loaded onto the ribosome during submergence. 

Despite similar phenotypic damages to Bay-0 and Lp2-6 after 5 days of 
submergence as supported by similar chlorophyll content in Chapter 2, the accessions 
had clearly different transcriptional signatures. This was reflected in the less extreme 
submergence-induced shifts in log2FC values for Lp2-6 compared to Bay-0 in the 
contrasting fuzzy-k plots (Figure 3.6). Accession-specific changes were determined for 
submergence, submergence and recovery together, and recovery alone. The largest 
number of accession-specific DEGs were identified for the combined response while 
none were identified for recovery alone. The recovery comparison only considered the 
recovery responses without examining the effects of submergence. However, it must be 
noted that considering recovery independent of submergence is impossible since post-
submergence processes are likely strongly dependent on molecular changes occurring 
during submergence. In keeping with the larger number of accession-specific DEGs 
in the combined response compared to submergence (Figure 3.3B), the percentage 
of overlapping DEGs between the two accessions was also lower in the combined 
response, suggesting more distinct responses during post-submergence recovery 
(Supplemental Figure 3.S3). This indicated that the main differences in molecular 
responses between the two accessions are attributed to post-submergence recovery 
rather than submergence or recovery alone. However, the submerged conditions 
do trigger molecular responses that likely shape recovery responses thereafter. Post-
submergence stress is therefore a compound stress of submergence-induced molecular 
changes and post-submergence stressors (ROS, photoinhibition, and desiccation 
stress). This was consistent with characterizations of Bay-0 and Lp2-6 in Chapter 2, which 
described the post-submergence phase as having more physiological differences than 
the submergence phase. 
 Some GO categories overlapped between common response genes and 
contrasting response genes (Figure 3.5 and 3.6). Thus, these GO categories can 
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contain DEGs that behave similarly and differently in Bay-0 and Lp2-6. Submergence 
downregulated photosynthetic processes in both accessions as reflected in cluster 
1 of the common response and cluster 2 of the contrasting response, but some 
photosynthesis-related DEGs had a lower degree of downregulation in Lp2-6. Both 
Bay-0 and Lp2-6 downregulated “chlorophyll biosynthetic process” and “chloroplast 
organization” categories in cluster 3 of the contrasting genes under submergence. Yet 
a higher magnitude of dampened photosynthetic processes upon recovery in Bay-
0 was consistent with decreased chlorophyll content during recovery (Figure 2.2A). 
Lowered “response to cytokinin” in Bay-0 also could negatively impact photosynthetic 
gas exchange and chlorophyll fluorescence parameters when cytokinin levels are 
low (Wu et al., 2012; Ding et al., 2013). Yet, the tolerant Lp2-6 strongly reactivated its 
photosynthetic processes during recovery while some photosynthesis-related genes 
remained downregulated in Bay-0. Recovery of photosynthetic capabilities in Lp2-6 
could be related to higher induction of genes relating to the GO terms “response to 
light stimulus” and re-initiation of the “starch biosynthetic process.” These GOs support 
the faster post-submergence recovery of starch content in Lp2-6 (Supplemental Figure 
2.S4). Hence, the faster recovery of Lp2-6 may be dependent on quick recovery of 
photosynthetic and light signaling processes to recuperate low carbohydrate and 
energy reserves for faster regrowth.

Molecular responses to post-submergence oxidative and desiccation stress 
were observed in both accessions in cluster 5 of the common response and clusters 4 
and 5 of the contrasting response. Genes in “response to oxidative stress” were strongly 
induced under submergence in both accessions, although to a higher degree in Bay-
0. During recovery, however, gene expression decreased in Lp2-6 in contrast to Bay-0. 
Lowered cytokinin responses in Bay-0 may also be correlated with decreased activities of 
antioxidant enzymes (Wu et al., 2012; Ding et al., 2013). Post-submergence desiccation 
stress was visually observed and dehydration occurred faster in older leaves of Bay-0 
upon de-submergence, but less water loss in Lp2-6 may be controlled through genes 
identified under the “response to abscisic acid” category. Dehydration can hinder 
photosynthesis as water provides electrons and oxygen for the initial light reaction, and 
ultimately leaves would undergo senescence. “Leaf senescence” was expressed as GO 
category of cluster 4 of the contrasting response with high induction of senescence-
related genes in Bay-0 but low induction in Lp2-6. Earlier induction of leaf senescence 
was also visually observed in Bay-0 leaves (Figure 2.5A), so delayed senescence in Lp2-6 
may contribute to its higher tolerance.

Pathogen-related GOs for “response to wounding” and “defense response 
to fungus/bacterium” were upregulated in both accessions, but these GOs have also 
been observed in other submergence datasets (Lee et al., 2011b; van Veen et al., 
2016). Induction of immunity responses may be a response to water-borne or soil-borne 
pathogens under long-term submergence, or because SA and JA hormonal response 
genes are expressed under pathogen-responsive GO terms. 
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 As expected, the GO term “cellular response to hypoxia” typically expressed 
under submergence or low oxygen treatments was highly induced after 5 days 
of submergence, with stronger upregulation in Bay-0 (Supplemental Figure 3.S4). 
The differential expression values in the “submergence comparison,” “recovery 
comparison,” and “combined effect” (Figure 3.1) were examined for the 51 genes 
that are universally upregulated in response to hypoxia in all Arabidopsis seedling 
cell types (core hypoxia genes) (Mustroph et al., 2009). In the current dataset, only 
about half of the core hypoxia marker genes were strongly upregulated in Bay-0 and 
Lp2-6 in the “submergence comparison” and “combined effect” comparison. The 
prolonged 5 days submergence treatment may have dampened expression levels 
of some of the core hypoxia genes, compared to 2 hours of hypoxia performed by 
Mustroph et al. (2009). Interestingly, 18 of the core hypoxia genes were strongly 
downregulated in the “recovery comparison,” but upregulated in the “combined 
response” comparison, confirming that post-submergence responses are strongly 
dependent on the damages accumulated from the hypoxic submergence stress.
 
Modification of transcription factors abundance dynamically alters the transcriptome
TFs play a central role in gene regulation as the key regulators of transcription. An 
Arabidopsis TF database identified TF-related DEGs distributed across 35 TF families for all 
response comparisons, and 21 TF families for accession-specific DEGs. Using different TF 
databases may yield higher or lower TFs based on the annotation differences, but the 
analyses here still represent a global overview of TF regulation. There were 4 times as many 
accession-specific TFs for “combined response” than the “submergence comparison,” 
hinting at more regulatory control during post-submergence recovery. Most of these 
“combined response” accession-specific TFs belonged to AP2-EREBP, bHLH, C2H2, 
C3H, and NAC families. The majority of TFs were in cluster 4 of the contrasting response 
genes (Figure 3.6) showing upregulation under submergence (more strongly in Bay-0) 
and consistent upregulation after de-submergence in Bay-0 but not in Lp2-6 (Figure 
3.7). Several interesting accession-specific TFs were identified based on their previous 
functional implications in processes related to submergence and post-submergence 
stress. The DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 1B (DREB1B), RELATED 
TO AP2 6l (RAP2.6L), ANAC019, and ANAC072 TFs are associated with responses to ABA 
for control of water loss (Tran et al., 2004; Gutha and Reddy, 2008; Zhu et al., 2010; 
Thirumalaikumar et al., 2017). Several NAC-domain TFs were identified as most being 
strongly upregulated especially in Bay-0 during submergence and post-submergence 
recovery. This corresponds with the functional implication of these TFs, such as the H2O2-
inducible ANAC042 and the ABA and ethylene-inducible NAC6/ORESARA1 in regulation 
of senescence (Podzimska-Sroka et al., 2015; Qiu et al., 2015). The bHLH DNA-binding 
superfamily protein BHLH92 also modulates responses to osmotic stress for dehydration 
tolerance (Jiang et al., 2009). Desiccation stress could also be linked to the GATA type 
zinc finger TF family protein GNC/GATA21, which controls stomata development and 
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modulates chlorophyll biosynthesis (Klermund et al., 2016). Cluster 5 TFs involved strong 
activation of defense responses after submergence and even more robust responses 
during post-submergence. As the hypersensitivity response has been linked to control of 
ROS, the TF BASIC REGION/LEUCINE ZIPPER MOTIF 60 (BZIP60) has been revealed to be 
strongly induced by oxidative stress in the endoplasmic reticulum (Iwata et al., 2008). 
Based on the molecular functions of these TFs, it can be speculated that they play an 
important regulatory role in coping with oxidative and drought stresses during recovery.

Hormonal regulation of post-submergence recovery
The fuzzy-k plots and GO association analyses revealed regulation of genes associated 
with the hormones ABA, SA, cytokinin, and ethylene implying roles for these hormones 
in post-submergence recovery. Hormone-specific signatures in Bay-0 and Lp2-6 across 
the three treatment comparisons were explored further using the HORMONOMETER tool 
(Supplemental Figure 3.S5). Hormone signatures in the Ribo-seq dataset were identified 
by comparison to an indexed dataset of genes responding to exogenous hormone 
applications at various time points (Volodarsky et al., 2009). The HORMONOMETER 
profile showed strong patterns for several hormones supporting the involvement of 
ethylene, ABA, cytokinin, and SA (Figures 3.5 and 3.6). Ethylene is an important hormone 
with respect to hypoxia and submergence responses (Voesenek and Sasidharan, 
2013). Recent studies in reoxygenated Arabidopsis seedlings have also highlighted 
the importance of ethylene signaling for mediating antioxidant activity, dehydration 
responses, and cellular metabolism such as the citric acid cycle and glycolysis (Tsai et al., 
2014). Here, the clear contrasting recovery-specific (“recovery comparison”) patterns of 
ethylene and cytokinin points towards their regulation of senescence during recovery 
and is consistent with reduced and restricted senescence in Lp2-6. ABA clearly has a 
role in regulating recovery responses in Arabidopsis. Contrasting ABA signatures were 
evident in the HORMONOMETER recovery comparison between the two accessions. 
An ABA influence was also identified in cluster 4 of the contrasting response fuzzy-k 
plot (Figure 3.6). ABA has a well-characterized role in desiccation stress tolerance via 
influence on stomatal closure (Kriedemann et al., 1972; Lind et al., 2015), and is also 
implicated as a positive regulator of leaf senescence (Samet and Sinclair, 1980; Zhao 
et al., 2016). Thus, during post-submergence recovery, ABA likely modulates water loss 
through stomata, dehydration responses, and leaf senescence in interaction with other 
hormones such as ethylene and cytokinin and via control of various TFs such as some 
senescence-associated NAC TFs (e.g. ORE1). 

Post-transcriptional gene regulation via alternative splicing modulates with submergence 
and post-submergence stress responses
The role of alternative splicing (AS) in regulating post-submergence recovery response 
is largely unknown. The Ribo-seq approach used here facilitated the identification 
of alternatively spliced genes to reveal the role of this post-transcriptional process in 
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regulating responses to submergence and post-submergence responses. AS events on 
the main ORF can result in posttranscriptional modifications that alters the localization, 
abundance, or metabolic function of the gene product. Submergence stress and 
recovery following de-submergence led to over 100 AS events and IR genes in Bay-0, 
while far fewer genes were AS in Lp2-6 (Figure 3.8A and 3.8B). AS is typical in response 
to environmental stress (Mazzucotelli et al., 2008), hence the hypersensitivity of Bay-
0 to submergence (“submergence comparison”) and recovery stress (“recovery 
comparison”), may have resulted in the higher abundance of AS genes. Interestingly, 
the “combined response” did not induce as many AS events, suggesting that AS was 
distinctly regulated by submergence or recovery stress separately.
 Several genes linked to altered primary metabolism were amongst the identified 
AS genes. For instance, splicing of APE1 may affect the photosynthetic capacity (Walters 
et al., 2003) and AS of PPC2 prevents replenishment of citric acid cycle intermediates (Shi 
et al., 2015). AS on regions containing a localization sequence may prevent targeting 
of the protein to a specific organelle for metabolic functions, as exemplified by SDH3-
1. Splicing of SDH3-1 may prevent targeting of the transcript for the mitochondria 
respiratory complex II, resulting in less mitochondrial activity (Figueroa et al., 2002). 
Yet, SDH is a direct source of mitochondrial ROS production (Jardim-Messeder et al., 
2015), so prevention of SDH localization at the mitochondria may also be beneficial. 
Splicing of PPDK also favored a shorter transcript that lacks a localization sequence to 
the chloroplast. The shorter transcript lacking the translocation peptide segment was 
also observed in under dark conditions in Flaveria trinervia (Rosche and Westhoff, 1995) 
and under darkness and a short-term 4 hours of dark submergence in Bay-0 (van Veen 
et al., 2016). The cytosol-localized splice variant supplies phosphoenolpyruvate (PEP) 
to gluconeogenesis for generating glucose from non-carbohydrate substrates (Parsley 
and Hibberd, 2006). Similarly, splicing on the translocation-encoding region on the 5’UTR 
of βCA1 and βCA4 transcripts can inhibit subcellular targeting, since  βCA1 is normally 
targeted to the plastids, including chloroplasts, and βCA4 to the plasma membrane 
(Fabre et al., 2007). AS of these genes was also previously observed in Bay-0 shoots 
during dark treatment and after 4 hours of submergence (van Veen et al., 2016). 
Consequently, AS can influence the accumulation, localization, and metabolic activity 
of particular genes, thus acting as a post-transcriptional control. 
  
Ribo-seq provided an overview of molecular processes regulated under submergence 
and recovery following de-submergence
The Ribo-seq data highlights the importance of studying the post-submergence 
recovery phase as a compound stressor along with submergence-mediated damage, 
and shows that recovery effects are closely associated with submergence. Differences 
between the accessions were clearly linked to the combined effect of submergence 
and recovery. Analyses of the Ribo-seq data identified generic processes at play during 
prolonged submergence and recovery as well as molecular processes, candidate genes, 
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and transcription factors potentially mediating the observed differences in recovery 
following submergence in the Arabidopsis accessions Bay-0 and Lp2-6. Dampened 
photosynthetic processes, and increased oxidative and desiccation stress responses 
may be mediated through the regulatory effects of the phytohormones abscisic acid, 
cytokinin, and ethylene. Alternative splicing was also identified as an important post-
transcriptional regulatory mechanism controlling post-submergence recovery responses. 
This dataset has identified several molecular processes and candidate genes for further 
functional verification that are potentially important regulators of flooding tolerance.
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Supplemental Figure 3.S1: Ribo-seq has high sequencing coverage.
(A) Number of raw, trimmed, and aligned reads. Raw reads were unprocessed read output from 
Illumina sequencing. Trimmed reads had adapter sequences removed. Mapped reads were those 
aligning to the Araport11 Col-0 annotated genome. 
(B) Percentage of reads mapping to the Araport11 Col-0 annotated genome. 
(C) Percentage of reads mapping to the exon, intron, or intergenic regions of the Araport11 Col-0 
annotated genome.
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Supplemental Figure 3.S2: Sequencing of ribosome footprints display unique characteristics.
(A) Histogram of read length after adaptor trimming. Ribo-seq libraries were deep-sequenced on the 
Illumina platform with a 50 bp read length. Trimming of adaptor sequences resulted in a normal bell-
shaped distribution of reads ranging from 20 to 40 bp length, with most reads at 30 bp read length.
(B) Abundance of reads at the translational start site (TSS; boxed region), a characteristic unique to 
Ribo-seq. A triple periodicity pattern at the TSS was reflective of the ribosome reading nucleotides on 
the mRNA in triplets (comprising a codon) to append an amino acid to the polypeptide chain. These 
graphs represent the read counts with a 29 nt length.
(C) Multidimensional scaling (MDS) plot showing distribution of the two biological replicates of air 
control, submergence, and recovery samples. The distance between samples was calculated based 
on the top 2000 pairwise contrasting genes.

Supplemental Figure 3.S3: Venn diagrams showing DEGs (Padj value < 0.05) overlapping for both 
accessions under the “submergence comparison,” “recovery comparison,” and “combined response.” 
Numbers in the overlapping regions indicate the number of DEGs commonly differentially expressed in 
both accession, while numbers in the non-overlapping region signify distinct accession-specific DEGs.
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Supplemental Figure 3.S4: 
Log2FC heatmap of the 
51 core hypoxia genes 
in the “submergence 
comparison,” “recovery 
comparison,” and 
“combined response.” 
Based on the log2FC 
scale from -5 to 5, a 
stronger yellow color 
intensity indicates highly 
upregulated genes, and 
a stronger cyan color 
intensity indicates more 
downregulated genes. 
No Padj value cutoff was 
used in this analyses.
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Supplemental Figure 3.S5: Hormonal signature identification in the “submergence comparison,” 
“recovery comparison,” and “combined response.” HORMONOMETER identified the magnitude of 
correlation of gene expression between the Ribo-seq dataset and the hormone expression index 
for response to different time courses of hormonal application (Volodarsky et al., 2009). Hormonal 
correlations are presented in a color scale, with cyan representing the negative correlations, black for 
no correlation, and yellow for positive correlations.
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Supplemental Figure 3.S6: Log2FC (Padj value < 0.05) of the total transcript levels of alternatively spliced 
DEGs. DEGs are displayed in a heatmap for the “submergence comparison,” “recovery comparison,” 
and the “combined response” with a log2FC scale from -6 to 6. A stronger yellow color intensity indicates 
highly upregulated genes, and a stronger cyan color intensity indicates more downregulated genes.
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Abstract

As floodwaters recede, plants transition from low oxygen and often low light 
conditions to a reoxygenated environment with intense illumination. Although post-
submergence reactive oxygen species (ROS) formation has been investigated in some 
studies, the protective mechanisms against oxidative stress upon reoxygenation are 
further characterized here in a comparison of a submergence intolerant (Bay-0) and 
tolerant (Lp2-6) Arabidopsis accession. Results suggested a differential regulation of 
transcripts associated with oxidative stress during submergence and recovery. Here we 
further investigated ROS formation and oxidative stress during recovery in these two 
accessions. De-submergence induced ROS formation in both accessions, characterized 
by a rapid initial ROS burst. However, ROS levels were substantially lower in Lp2-6 and 
corresponded with elevated antioxidant levels. ROS production in the form of hydrogen 
peroxide (H2O2) may be formed through the NADPH oxidase RESPIRATORY BURST 
OXIDASE HOMOLOGUE D (RbohD), which was differentially regulated between the two 
accessions. Reduction of the early ROS burst, via application of the NADPH oxidase 
inhibitor diphenyleneiodonium (DPI), reduced oxidative stress damage in Bay-0 and 
improved recovery. In contrast, DPI application in Lp2-6 had the opposite effect and 
hindered recovery, likely because of elimination of the initial ROS burst. Accordingly, 
rbohD knockout mutants with constitutively impaired ROS production displayed higher 
sensitivity during post-submergence recovery. Thus, complete abolishment of the ROS 
burst appeared to eliminate the necessary stress signaling required for responses to 
damages accrued during reoxygenation. In conclusion, a small burst of ROS production 
is essential for improved post-submergence recovery, but sufficient antioxidant activity 
is required to maintain the balance between signaling and oxidative stress damage.

Introduction

Post-submergence stress is a compound stress brought about by damages from both 
submergence and post-submergence conditions. Prolonged submergence imposes 
low oxygen and often low light conditions leading to a restriction of aerobic metabolism 
and photosynthesis ultimately resulting in an energy crisis (Voesenek et al., 2006). Yet, 
even when the plant is de-submerged into normal growth conditions, the shift back 
to this terrestrial environment poses additional stresses. Post-submergence and post-
anoxia/hypoxia studies indicate that this transition exposes the plant to a sudden burst 
of oxygen, producing extremely high levels of reactive oxygen species (ROS) leading to 
severe ROS-mediated damage. Oxidative stress upon reaeration has been observed in 
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rice (Ushimaru et al., 1992; Ella et al., 2003b; Upadhyay et al., 2010; Fukao et al., 2011; 
Alpuerto et al., 2016), soybean (Beaudoin et al., 2009; Tamang et al., 2014), wheat 
(Biemelt et al., 1998), Arabidopsis (Pucciariello et al., 2012; Tsai et al., 2014; Yuan et al., 
2017), and the wetland species Alternanthera philoxeroides (Luo et al., 2012). Molecular 
investigation of the oxidative stress responses upon reoxygenation in Arabidopsis and 
soybean (Tamang et al., 2014) has identified genes associated with biosynthesis of 
antioxidants and ROS detoxification (Tamang et al., 2014; Tsai et al., 2014; Yuan et al., 
2017).

ROS are highly reactive molecules derived from molecular oxygen that damage 
the structure of proteins, lipids, nucleic acids, and cell membranes of organelles, 
ultimately causing permanent damage to cells. Cell damage is representative by lipid 
peroxidation, in which hydrogen atoms adjoining the carbon-carbon double bond in 
polyunsaturated fatty acids are susceptible to reactive radical attack (Sharma et al., 
2012; Ayala et al., 2014). Loss of membrane integrity in organelle cell walls increases 
the fluidity and permeability of the membrane, causing damage to cellular functions 
(Crawford et al., 1994; Crawford and Braendle, 1996; Blokhina et al., 1999).

ROS are mainly produced because of exposure to increased oxygen 
availability and possibly re-illumination causing electron leakage from dysfunctioning 
electron transport chains and proton leakage in mitochondrial matrixes, exacerbated 
by re-activated mitochondrial and photosynthetic activities during the early recovery 
period (Smirnoff, 1995; Roach et al., 2015). These electrons can reduce oxygen in a 
stepwise reduction process, forming reactive oxygen species (ROS). ROS include free 
radicals containing one or more unpaired electrons, such as superoxide (O2

•−), hydroxyl 
(•OH) and peroxide (O2

•−2), or non-radicals formed from two free radicals sharing their 
unpaired electrons, such as singlet oxygen (1O2) and hydrogen peroxide (H2O2). ROS 
can also be formed enzymatically through the electron donor xanthine oxidase (Pfister-
Sieber and Braendle, 1994), or through the plasma membrane-bound NADPH oxidases/
respiratory burst oxidase homologs (RBOHs) (Pucciariello et al., 2012). RBOHs are NADPH 
oxidases that generate superoxide by reduction of extracellular oxygen through electron 
transfer from NADPH. Superoxide is then rapidly converted into H2O2 through superoxide 
dismutase activity. In addition, ROS-related byproducts produced during low oxygen 
conditions can react with the excess oxygen during reoxygenation to trigger additional 
ROS formation. 
 ROS can be produced in various organelles, but most ROS formation occurs 
in organelles with highly oxidizing metabolic activity or high electron flow, mainly 
though the photosynthetic and mitochondrial electron transport chains. ROS can also 
be generated in the endoplasmic reticulum (ER) and peroxisomes. Some ROS radicals 
can leave the site of production and affect other cellular components by membrane 
diffusion or transportation through aquaporins (Bienert et al., 2007; Borisova et al., 2012).

ROS are produced in minimal amounts during metabolism under normal growth 
conditions and are even essential signals for managing development, differentiation, 
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redox levels, systemic responses, and cell death (Mittler, 2017). Yet, considering their 
reactive nature, these byproducts of aerobic metabolism are kept in check by an 
effective antioxidant system. Antioxidants can be enzymatic or non-enzymatic and 
act to scavenge or detoxify ROS. Three main antioxidant defense systems exist: low 
molecular weight antioxidants, ROS-interacting enzymatic antioxidants, and enzymatic 
antioxidants associated with redox homeostasis pathways (Blokhina et al., 2003). 
Non-enzymatic antioxidants with low molecular weights scavenge ROS through their 
highly reducing monohydroxy/polyhydroxy phenol or thiol group (Noori, 2012; Das and 
Roychoudhury, 2014; Kasote et al., 2015). These non-enzymatic antioxidants include 
ascorbate, glutathione, phenolic compounds, and tocopherols (Wollenweber-Ratzer 
and Crawford, 1994; Blokhina et al., 2003).  Enzymatic antioxidants can interact with ROS 
directly to neutralize or break down the ROS structure, and these include superoxide 
dismutase (SOD), catalase (CAT), ascorbate/glutathione peroxidases (APX/GPX), and 
glutathione-S-transferases. Elevated SOD levels during anoxia and re-aeration increased 
tolerance of the rhizome of Iris pseudacorus (Monk et al., 1987b). Enzymatic antioxidants 
can also regenerate the reduced forms of antioxidants for recycling of substrates in 
redox homeostasis pathways. H2O2 is detoxified in the ascorbate-glutathione antioxidant 
cycle using ascorbate (ASC), glutathione (GSH), and NADPH, but these can be shifted 
between the oxidized and reduced forms (Figure 4.1). These substrates are catalyzed 
by the enzymes APX or GPX to break down H2O2 into H2O. The antioxidant cycle can 
continue through oxidized ascorbate (monodehydroascorbate) regeneration by 
the antioxidant enzyme monodehydroascorbate reductase (MDAR), and oxidized 
glutathione (glutathione disulfide; GSSG) conversion into reduced glutathione by 
glutathione reductase (GR) using NADPH as electron donor.

Figure 4.1: General scheme of the ascorbate-glutathione antioxidant cycle. The toxic ROS molecule 
H2O2 is broken down into H2O through the enzymes ascorbate peroxidase (APX) and glutathione 
peroxidase (GPX) using antioxidants ascorbate (AsA) and glutathione (GSH) as substrates. The oxidized 
byproducts are converted back to the reduced forms. Oxidized ascorbate (monodehydroascorbate; 
MDHA) is reduced by monodehydroascorbate reductase (MDAR). Oxidixed glutathione is also 
converted to glutathione disulfide (GSSG) via dehydroascorbate reductase (DHAR), but this reaction is 
reversed by glutathione reductase (GR).

4



89

Excessive Oxidative Stress During Post-Submergence 

ROS accumulate to toxic levels during reoxygenation as a result of both 
unrestricted ROS production and reduced antioxidant scavenging capacity (Rhoads 
et al., 2006; Blokhina and Fagerstedt, 2010; Shapiguzov et al., 2012). An efficient redox 
homeostasis and antioxidant signaling mechanism is therefore vital for helping the 
plant survive from detrimental oxidative damage upon reaeration (Foyer and Noctor, 
2005). Uncontrolled ROS production can further dampen photosynthesis processes and 
ultimately prevent the recovery of cellular energy for recovery (Sharma et al., 2012). 
Besides rendering metabolic processes in the organelles non-functional, ROS damage 
nucleic acids and proteins (Sharma et al., 2012). Control of ROS production is therefore 
vital for post-submergence tolerance.
 Characterization of the submergence intolerant Bay-0 and submergence 
tolerant Lp2-6 Arabidopsis accessions in Chapter 2 suggested that the more severe 
post-submergence damage and slower recovery observed in Bay-0 might be linked 
to greater oxidative stress in this accession. This was supported by the comparison 
of the Ribosome-sequencing (Ribo-seq) dataset of the two accessions (Chapter 3), 
which revealed strong differential expression of genes associated with oxidative stress 
and ROS-scavenging pathways between the two accessions. This chapter seeks to 
determine whether indeed Bay-0 experiences more oxidative stress and how soon after 
de-submergence ROS formation occurs. Antioxidant levels were measured to identify 
the basal levels of antioxidants induced in Bay-0 and Lp2-6 and how effectively the 
antioxidants could scavenge ROS. Post-submergence recovery with external antioxidant 
application was observed whether it improved tolerance against ROS-mediated 
damage. We then aimed to highlight whether ROS are necessary signals for induction 
of post-submergence tolerance mechanisms. 
 Experimental results confirmed higher ROS production following de-
submergence contributed to more severe post-submergence damage and delayed 
recovery of Bay-0. Accordingly, chemical inhibition of ROS production improved 
post-submergence recovery in Bay-0. Although increased ROS production was also 
observed in Lp2-6 upon de-submergence, ROS levels were more effectively scavenged 
and restricted through increased antioxidant activity. Since controlled ROS production 
via NADPH oxidases is considered to be essential for hypoxia signaling (Pucciariello 
et al., 2012), and because RbohD showed differential regulation between the two 
accessions, we examined the role of regulated ROS production via RbohD during post-
submergence recovery. rbohD mutants with impaired ROS production were delayed in 
recovery compared to wildtype controls. Furthermore, recovery specific inhibition of ROS 
production in Lp2-6 also mildly retarded recovery. Based on this, it can be concluded that 
maintenance of ROS homeostasis is essential for submergence survival. ROS signaling 
via limited ROS production is needed for submergence and recovery responses, but 
excessive production needs to be curtailed to prevent damage and hindered recovery. 
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Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana seeds of the accessions Bay-0 (accession number CS22633) and 
Lp2-6 (accession number CS22595) and the Arabidopsis mutant rbohD-3 (N9555) were 
provided by the Nottingham Arabidopsis Stock Centre (NASC, UK). Col-0 wildtype seeds 
were used for comparison in rbohD experiments. The rbohD knockout mutation was 
caused by a single dSpm transposon insertion. Seed germination and plant growth were 
followed as described in Chapter 2. 

Submergence treatments
Homogeneous plants of similar developmental characteristics at the 10-leaf stage were 
selected for submergence. The day before the submergence treatment, large plastic 
tubs (60 × 27 × 40 cm) were disinfected with a Suma D4 chlorine disinfectant tablet 
(Diversey Inc., Racine, USA) and hot water. After rinsing the tubs, they were filled with 
water and allowed to sit overnight to equilibrate the water temperature to 20°C. Plants 
were then completely submerged in the dark 2 h after the start of the photoperiod and 
the dark submergence treatment lasted for 5 d for Bay-0 and Lp2-6, and 6 d for rbohD 
and Col-0. Plants were de-submerged at the end of these submergence durations and 
post-submergence recovery was followed. 

Heatmap of GO terms
Log2FC values from the Ribo-seq dataset calculated in Chapter 3 was displayed on 
a heatmap using Multiple Experiment Viewer (MeV; http://mev.tm4.org). Accession-
specific differentially expressed genes (DEGs) were identified from oxidative stress-related 
Gene Ontology categories presented in the common (Figure 3.5) and contrasting 
fuzzy-k plots (Figure 3.6).

Malondialdehyde measurements
Malondialdehyde (MDA) was quantified using a colorimetric method modified from 
Stewart and Bewley (1980). Fresh weight of the harvested material was recorded. 
Leaves were placed in a 2 mL microcentrifuge tube containing 2 glass beads of 3 mm 
size (Witeg, Wertheim, Germany). 1 mL ethanol (80% v/v) was added to the tube and 
the leaves were pulverized with a cryogenic grinding mill (Retsch, Haan, Germany). 
Samples were centrifuged at 14,000 rpm for 20 min at 4°C. 0.5 mL of the supernatant 
was mixed with 0.5 mL reactant mixture of 0.65% (w/v) thiobarbituric acid in 20% (w/v) 
trichloroacetic acid. The samples were incubated at 95°C for 30 min, cooled to 4°C in 
an ice bath, and centrifuged at 10,000 rpm for 10 min. Samples were then measured 
with a spectrophotometer plate reader (Synergy HT Multi-Detection Microplate Reader; 
BioTek Instruments Inc., USA) at absorbances of 532 nm (specific absorbance) and 600 
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nm (non-specific absorbance). MDA concentration was calculated using its extinction 
coefficient of 155 mM-1 cm-1 using the following equation: 

MDA (nmol/mL) = [(A532 -A600) / 155000] × 106.

DAB histochemical staining for visualization of H2O2

Leaves were vacuum infiltrated for 10 min in 1 mg/mL of 3,3’-diaminobenzidine 
tetrahydrochloride (DAB) in 50 mM Tris-acetate buffer (pH 5.0) containing 10 units/mL 
horseradish peroxidase (Sigma-Aldrich, St. Louis, USA). Leaves were incubated in the 
staining solution overnight (~16 h) in the dark at room temperature. Chlorophyll was 
removed with 95% ethanol with 65°C heating for 15 min or until leaves were cleared. 
Images were taken on an Olympus BX50 WI microscope (Tokyo, Japan) with 4× 
magnification.

NBT histochemical staining for superoxide visualization 
Individual leaves were incubated in 10 mM potassium phosphate buffer (pH 6.1) 
containing 0.5 mg/mL nitroblue tetrazolium chloride (NBT). The leaves were vacuum 
infiltrated for 10 min, and then incubated at room temperature for 1.5 h in the dark. 
Chlorophyll was cleared with 95% ethanol at 65ºC for 15 min. Images were taken on 
an Olympus BX50 WI microscope (Tokyo, Japan) with 4× magnification. Imaging of 
whole leaves were taken on a Carl Zeiss Stemi SV11 stereomicroscope (Oberkochen, 
Germany) attached to a Nikon DXM 1200 camera (Tokyo, Japan).
 
Electron Paramagnetic Resonance (EPR) spectroscopy
3 intermediate or young Arabidopsis leaves were harvested from each 10-leaf stage 
Arabidopsis rosette from each of the 3 treatment conditions: control (plants grown in 
normal air light conditions), dark (plants grown for 5 d in the dark), submerged (plants 
completely submerged for 5 d in the dark). Submerged plants were harvested at 
the recovery time points of 0 h, 1 h, 3 h, 7 h, and 24 h after de-submergence. The 3 
intermediate or young leaves were pooled in a 0.65 mL microcentrifuge tube and 
immediately snapped frozen in liquid N2. The lipophilic cyclic hydroxylamine TMT-H 
(1-hydroxy-4-isobutyramido-2,2,6,6-tetramethyl-piperidinium) was used as a spin trap to 
capture superoxide radicals (O2

•−) so this stable adduct can be measured. 150 µL of the 1 
mM TMT-H spin probe solution dissolved in 1 mM EDTA (ethylenediaminetetraacetic acid) 
was added to each sample. Samples were incubated in a 40°C water bath for 90 min. 
20 µL of supernatant was drawn up in a capillary tube for EPR measurements performed 
on a Bruker Elexsys E500 spectrometer using the “Xepr acquisition and processing suite” 
software (Bruker Corporation, Billerica, Massachusetts). Measurements were performed 
at room temperature with the following acquisition parameters: modulation frequency 
100 kHz, modulation amplitude 1.3 G, modulation phase 0.0, harmonic 1, receiver gain 
60 dB, time constant 81.92 ms, conversion time 40.11 ms, field position 3479.55 G, center 
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field 3512.95 G, sweep width 66.8 G, number of data points taken in the range of sweep 
width 1024, sweep time 41.07 s, microwave attenuation 30 dB, and microwave power 
0.2 mW. A white solid collet was placed into the cavity of the EPR spectrometer, and the 
capillary tube was placed into the middle of the collet. The sample was tuned on the 
Xepr software by adjusting parameters on the tuning panel: the frequency was adjusted 
until the diode current was centered around 200 ± 5 uA and the lock offset around 
0%. Microwave attenuation was set to 30.0 dB before acquiring the spectrum. These 
settings allowed for application of a magnetic field to excite unpaired electrons to a 
higher energy state. The first peak of the spectrum was defined in the field region of 3485 
to 3505 G. The absorption intensity is directly proportional to the amount of unpaired 
electrons in the sample, and the amount of ROS was estimated from the area of the 
double integration peak derived from the absorbance peak (areas under the first upper 
and lower curves) (Supplemental Figure 4.S2A). ROS levels detected with the spin probe 
TMT-H was calculated based on the dry weight of the leaves and the concentration of 
superoxide radicals based on the Avogadro constant as 1 mol = 6.022 × 1023 radicals. Dry 
weight was obtained by weighing the leaves on a microbalance after drying leaves in 
a 60°C oven overnight. A calibration curve for the EPR spectrometer measurement was 
obtained using a nitroxide radical TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl) with the 
following concentrations: 1, 0.8, 0.6, 0.4, 0.2, 0.1, 0.05, 0.01, 0.001 mM. Calculations from 
double integration of the low field peak yielded the limit of detection (0.011 mmol/L) as 
the double integration value of 1.662 and the limit of quantification (0.038 mmol/L) as 
the double integration value of 6.723.

Methyl viologen spraying
Plants were sprayed with controlled amounts of methyl viologen (0, 15, 30, 45 µM) 
containing 0.1% Tween-20 1 d before harvesting. Control plants were also sprayed with 
a mock solution containing only 0.1% Tween-20 to account for detergent effects. Methyl 
viologen or Tween-20 was sprayed onto the surface of the plants 3 times during the day, 
with 5 squirts each time at an equal distance from the plant. The spray bottle distributed 
a 200 µL volume for each squirt.

Glutathione measurements 
Glutathione was measured with a GSH-Glo Glutathione Assay kit (Promega, Madison, 
USA), following the manufacturer’s assay procedure for tissue extracts. 25-50 mg of FW 
tissue was weighed and recorded. The tissue was homogenized in 1 mL PBS containing 
2 mM EDTA. The extract was thoroughly vortexed and centrifuged at max speed for 5 
min at 4°C. The supernatant was collected on ice. 50 μL of tissue extract was added 
to each well of a white opaque 96-well microplate. For a glutathione standard curve, 
serial dilutions of glutathione (5, 2.5, 1.25, 5/8, 5/16, 5/32, and 0 μM) were made, and 50 μl of 
each standard was pipetted on the microplate. 50 μl of prepared GSH-Glo Reagent 2× 
was added to each sample in the microplate. The GSH-Glo Reagent 2× was previously 
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prepared by adding Luciferin-NT substrate and Glutathione S-Transferase diluted 1:50 
times in GSH-Glo Reaction Buffer. The microplate was incubated at room temperature 
for 30 min in the dark. 100 μL of reconstituted Luciferin Detection Reagent was to each 
sample in the plate and mixed briefly with a plate shaker. The plate was again incubated 
at room temperature for 15 min in the dark. Luminescence was measured using a 
spectrophotometer plate reader (Synergy HT Multi-Detection Microplate Reader; BioTek 
Instruments Inc., USA) with 1 sec integration. 

Ascorbic acid measurements
Ascorbic acid content was measured using a kit from Megazyme (K-ASCO 01/14, 
Wicklow, Ireland), following the microplate assay procedure. Intermediate leaves were 
harvested at the control and recovery time points and frozen in liquid nitrogen until 
use. 50 to 75 mg of tissue was weighed out and homogenized in 350 µL of 3% (w/v) 
metaphosphoric acid containing 10 mM EDTA. The samples were kept on ice in between 
vortexing of 10 sec. Samples were centrifuged at max speed at 4oC for 10 min. The 
supernatant was transferred to a new tube and again centrifuged at max speed at 
4oC for 10 min to spin down all particles. All samples were tested with ascorbic acid 
oxidase (AAO) as a blank and without AAO for the actual measurements. For the blank 
samples, the following components were added to a well of a clear 96-well microplate: 
150 µL distilled water, 10 µL sample supernatant, 50 µL solution 1 buffer, and 2 µL AAO. 
For the sample measurement itself, the same components were added but without the 
AAO: 152 µL distilled water, 10 µL sample supernatant, and 50 µL solution 1 buffer. The 
samples in the microplate were mixed in a spectrophotometer plate reader at medium 
speed for 3 min at 37°C. Then 20 µL MTT buffer was added, mixed in the plate reader 
for 3 min, and then the absorbance was read at a wavelength of 578 nm at 37°C. The 
reactions were initiated by adding 20 µL PMS buffer and then mixed in the plate reader 
for 3 min. The second absorbance of the samples was read at 578 nm at 37°C. The 
amount of ascorbic acid in each sample was calculated by subtracting from the blank 
measurements normalized for the fresh weight. 

Antioxidant enzyme assays
Approximately 200 mg of whole rosettes under control and post-submergence conditions 
were frozen in liquid nitrogen and grounded. Extractions for antioxidant enzyme assays 
were modified from the protocol of Elavarthi and Martin (2010). The precise weight was 
recorded before adding to each sample on ice 1 mL of 0.2 M potassium phosphate 
buffer (pH 7.8) containing 0.1 mM EDTA. Each sample was vortexed for 10 sec and then 
centrifuged at max speed at 4oC for 15 min. The supernatant was transferred to a new 
1.5 mL microcentrifuge tube. The supernatant placed on ice for use in both catalase 
and ascorbate peroxidase antioxidant enzyme activities assays.
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Catalase (CAT)
H2O2 decomposition was measured as a decrease in absorbance at 240 nm in a 
spectrophotometric plate reader. The leaf extract was diluted 300 times in 50 mM 
potassium phosphate buffer (pH 7). In a clear 96-well microplate, the 250 µL assay 
mixture contained the diluted leaf extract and 10 mM H2O2. The extinction coefficient 
of H2O2 at 240 nm (40 mM−1 cm−1) was used to calculate the enzyme activity per gram 
fresh weight.

Ascorbate Peroxidase (APX) 
A 250 µL assay mixture contained 50 mM potassium phosphate buffer (pH 7), 0.5 mM 
ascorbate, and 2 μL of crude leaf extract. 0.5 mM H2O2 was then added to initiate 
oxidation of ascorbate, and decrease in absorbance at 290 nm was measured for 3 
min with a spectrophotometric plate reader. Enzyme activity was calculated with the 
extinction coefficient of reduced ascorbate (2.8 mM−1 cm−1) per gram fresh weight.

RNA extraction and quantitative real-time qPCR
Total RNA was extracted from intermediate leaves following the protocol of the RNeasy 
mini kit (Qiagen, Hilden, Germany). Single-stranded cDNA was synthesized from 1 µg 
RNA in a two-step reaction. Initial denaturation at 65ºC for 5 min was started with 50 µM 
random hexamer primers (Invitrogen, Waltham, USA). In the second step, 5× buffer, 10 
mM dNTPs (Fermentas, Waltham, USA), 20 U RiboLock RNase inhibitor (Fermentas), and 
100 U RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific, Waltham, USA) 
were added, and the second step of the PCR program was programmed as: annealing 
at 25ºC for 10 min, cDNA synthesis at 42ºC for 60 min, and inactivation at 70ºC for 10 min. 
qRT-PCR was performed on Applied Biosystems ViiA 7 Real-Time PCR System (Thermo 
Fisher Scientific) with a 5 µL reaction mixture containing 2.5 µL 2× SYBR Green MasterMix 
(Bio-Rad, Hercules, USA), 0.25 µL of each 10 µM forward and reverse primer, 1.75 µL 
H2O, and 0.25 µL 1/5× diluted cDNA. Relative transcript abundance was calculated 
by the comparative CT method (Livak and Schmittgen, 2001). Actin2 was used as a 
normalization control.

DPI treatment upon de-submergence
Plants were sprayed with 400 µL of 200 µM diphenyleneiodonium chloride (DPI; Sigma-
Aldrich, St. Louis, USA) containing 0.1% Tween-20 immediately upon de-submergence 
using a spray bottle distributing a 200 µL volume for each squirt. Control plants were also 
sprayed with a mock solution containing only 0.1% Tween-20 to account for detergent 
effects. Plants were sprayed again with 200 µL of DPI 30 min and 1 h after the first 
application at an equal distance from the plant, ensuring that the entire rosette was 
sprayed.
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Chlorophyll and dry weight measurement of shoot tissue 
The whole rosette of the plant was excised at the shoot-hypocotyl junction and chlorophyll 
was removed with 1 mL of 100% DMSO in a 2 mL microcentrifuge tube. The samples were 
incubated for 30 min in the dark in a 65°C shaking water bath. Samples were cooled at 
room temperature in the dark for 30 min. 200 µL of the extract was pipetted into a 96-
well clear microplate. The absorbance was measured with a spectrophotometer plate 
reader at wavelengths of 664, 647, and 750 nm. Chlorophyll a and b concentrations in 
the extract were calculated by equations from Porra et al. (1989), normalized by dry 
weight: 
Chla = [13.71 × (A664 – A750)] – [2.85 × (A647 – A750)] 
Chlb = [22.39 × (A647 – A750)] – [5.42 × (A664 – A750)]
Remaining extract was removed from the microcentrifuge tube and rosettes were dried 
in the opened microcentrifuge tube in a 70°C oven for 2 d. Dry weight measurements 
were then determined using a digital scale.

Scoring of new leaf formation
The recovery day at which the plant begins to develop new leaves was recorded by 
visual observation of new leaf emergence from the shoot meristem. The percentage 
of newly formed leaves was calculated for the total population of observed plants.

Statistical Analyses
Two-way ANOVA followed by a comparison test was performed using GraphPad 
Prism 6 software (GraphPad Software, La Jolla, USA). Data was considered statistically 
significant at p < 0.05. 

Results

Ribo-seq revealed GO terms related to oxidative stress
Ribo-seq analyses revealed overrepresented Gene Ontology (GO) categories related 
to oxidative stress for genes responding both similarly (common response; Figure 3.5) and 
differently (contrasting response; Figure 3.6) in Bay-0 and Lp2-6. Five days of complete 
dark submergence conditions induced genes in the GO terms “response to endoplasmic 
reticulum (ER) stress,” “response to oxidative stress,” “glutathione metabolic process,” 
and “toxin catabolic process” (Figure 4.2). Yet, genes in these GO categories were more 
highly induced 3 hours after de-submergence. Thus, responses to ROS formation seemed 
to be already triggered during prolonged submergence but the responses were further 
elevated during the post-submergence phase. 
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Although induction of ROS-related genes was evident in both Bay-0 and Lp2-
6, the oxidative stress response appeared to be stronger in Bay-0. Heatmaps showed 
expression values of the accession-specific genes under the “submergence comparison” 
or the “combined response” (submergence and recovery together). Genes classified 
into these GO terms supported the higher magnitude of response in Bay-0 compared 
to Lp2-6. The GO category for ER stress responses did not have any accession-specific 
genes, but mainly contained protein disulfide isomerase-like proteins belonging to the 
thioredoxin superfamily for redox signaling. The general GO term “response to oxidative 
stress” constituted the most genes, ranging from peroxidase superfamily proteins to a 
NAC6 transcription factor (Figure 4.2A). Some glutathione S-transferases were functionally 
active as part of the toxin and glutathione metabolic process to bind toxins and remove 
toxic conjugates of the reduced form of glutathione (GSH) (Figures 4.2B and 4.2C). Next, 
we investigated whether Bay-0 produced more ROS following de-submergence and 
therefore triggered higher gene induction in response to oxidative stress. 

A 
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Bay-0 accumulates more ROS and ROS-mediated damage following de-submergence
The production of intracellular ROS can be indirectly measured by assessing the products 
of ROS damage. ROS degradation of polyunsaturated lipids forms malondialdehyde 
(MDA) as an end product (Sharma et al., 2012), and is therefore a marker of ROS 
production. MDA content measured in submerged and recovering rosettes revealed 
that after 5 days of submergence (0 hours after de-submergence), MDA levels 
were comparable to control non-submerged plants and not different between the 
accessions (Figure 4.3A). Following de-submergence, MDA levels sharply increased in 
Bay-0 within 3 hours, and continued to increase up to 3 days of recovery. Only at 5 
days post-submergence did the MDA content decrease in Bay-0. In contrast, MDA levels 
remained much lower in Lp2-6, and the highest amounts of lipid peroxidation at 1 day 
and 3 days after de-submergence were still approximately half of the amount of MDA in 
Bay-0 at 1 day post-submergence. 
 ROS formation was visualized using histochemical staining. 3,3’-diaminobenzidine 
tetrahydrochloride (DAB) is oxidized by H2O2 in the presence of horseradish peroxidase, 
which can be visualized by a dark brown polymerization product (Supplemental Figure 

Figure 4.2: Heatmaps of genes in oxidative stress-related GO categories presented in the common and 
contrasting fuzzy-k plots for (A) “response to oxidative stress” (B) “glutathione metabolic process,” and 
(C) “toxin catabolic process.” Only the genes that show a strong differential regulation between Bay-
0 and Lp2-6 in the “submergence comparison” and/or “combined response” (genes in accession × 
treatment interaction, Padj value < 0.05) are presented. Log2FC values are indicated by intensity of the 
color scale from -7 (cyan color) to 7 (yellow color) under the “submergence comparison,” “recovery 
comparison,” and the “combined response” (as defined in Figure 3.1).

B 

C 
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4.S1A). Nitroblue tetrazolium chloride (NBT) stained for superoxide radicals in which a 
darker blue insoluble formazan compound indicates higher superoxide accumulation 
(Supplemental Figures 4.S1B and 4.S1C). ROS staining of Bay-0 and Lp2-6 leaves revealed 
that very little ROS was produced during control growth conditions. After 5 days of 
submergence, a slight amount of ROS was produced in both accessions, as visualized 
by the few speckles of staining. In the first 6 hours after de-submergence, however, Bay-0 
appeared to have more ROS formation. 3 and 6 hours after de-submergence showed 
the most prominent staining intensity in Bay-0, reflected in the relatively darker brown and 
blue staining and appearances of dark patches of ROS localization. Although staining 
was less intense at 1 and 3 days of recovery, Bay-0 still showed more ROS formation in 
comparison to Lp2-6. 

Since MDA is an end point of ROS production and only provides an indirect 
indication of ROS accumulation, electron paramagnetic resonance (EPR) spectroscopy 
was used to quantitate ROS production in real-time (Khan and Swartz, 2002; Shulaev 
and Oliver, 2006). Direct measurement and quantitation of ROS is difficult owing to 
the extremely short half-life of these molecules. EPR spectroscopy can detect and 
identify radical species, in combination with a spin trapping technique involving a trap 
molecule to prolong their half-life. Here, a cyclic hydroxylamine TMT-H was used to trap 
superoxide, forming a less reactive and more stable product, known as a “spin adduct.” 
 ROS measurements were performed on both young and intermediate leaves. 
However, submerged young leaves did not show much ROS signals, with most values 
falling under the limit of quantification of 0.038 mmol/L (Supplemental Figure 4.S2B). 
Under control conditions, ROS values in intermediate leaves of both accessions were 
close to the detection limit of 0.038 mmol/L (Figure 4.3B). Measurements were also 
performed on intermediate leaves from plants placed in darkness for 5 days to separate 
the effects of darkness and re-illumination. ROS levels after 5 days of darkness were 
higher in both accessions compared to control, but values decreased to the same levels 
as control plants at 7 and 24 hours of re-illumination. In both accessions, there were 
little differences between the accessions in the dark and control conditions, confirming 
that ROS mainly accumulated due to the effect of recovery following submergence. In 
intermediate submerged leaves, ROS levels were comparable between the accessions 
after 5 days of submergence, but ROS levels began to increase at 1 hour after de-
submergence in both accessions. At 3 hours post-submergence in Bay-0, a burst of ROS 
accumulation was recorded. Afterwards, ROS levels dropped but remained relatively 
high until the last measurement time point of 24 hours after de-submergence. Lp2-6 
also had a surge in ROS levels 1 hour after de-submergence, corresponding with the 
slightly higher MDA production at the same time point, after which ROS levels dropped. 
Although Lp2-6 showed an increase in ROS production again at 7 hours recovery, it had 
lower ROS across all recovery time points compared to Bay-0. The EPR results provided 
a more detailed and real-time measurement of ROS levels than MDA. However, both 
techniques revealed that increased ROS production is mostly a post-submergence 
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phenomenon in both accessions, with Bay-0 showing much more ROS accumulation 
and associated oxidative damage during recovery. 

To assess each accession’s tolerance to oxidative stress, plants were sprayed with 
methyl viologen (paraquat). Methyl viologen induces oxidative stress by stimulating ROS 
formation in the chloroplast (Dodge and Harris, 1970; Bus et al., 1974). Non-submerged 
Bay-0 and Lp2-6 plants were sprayed with varying methyl viologen concentrations (0 
µM, 15 µM, 30 µM, and 45 µM) and MDA levels were measured to assess oxidative stress 
tolerance (Figure 4.3C). Bay-0 showed significantly more MDA levels than Lp2-6 with 
all methyl viologen concentrations, indicating higher ROS-mediated damage and 
sensitivity to oxidative stress. 

B

C

Figure 4.3: Bay-0 experiences more oxidative stress following de-submergence.
(A) Malondialdehyde (MDA) measurements of the end product of lipid peroxidation due to ROS 
accumulation. MDA content was measured in whole rosettes of Bay-0 and Lp2-6 before the start of the 
treatment (pre-sub), after 5 days of submergence (0h), and during recovery. Bars = mean ± SE (n=7). 
(B) ROS was quantified using electron paramagnetic resonance (EPR) spectroscopy in intermediate 
leaves of Bay-0 and Lp2-6 plants in control conditions, recovery from 5 days of darkness, or complete 
submergence in the dark. Measurements were done at 0, 1, 3, 7, and 24 hours after dark or 
submergence stress removal. Points = mean ± SE (n=30). Asterisks represent a significant difference 
between accessions in the submerged samples at the specified time point (p<0.05, two-way ANOVA 
with Tukey’s multiple comparisons test).
(C) Dose-respondent MDA content of exogenously applied methyl viologen. Plants were sprayed with 
different concentrations of methyl viologen to generate oxidative stress and followed by determination 
of shoot MDA content the following day after spraying. Bars = mean ± SE (n=7). Different letters represent 
significant difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test).

A
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Lp2-6 has higher antioxidant levels than Bay-0 during recovery
To determine if the tolerant accession has better ROS amelioration capacity, various 
antioxidants were quantified in intermediate leaves. Under control conditions, low 
amounts of the antioxidants glutathione and ascorbate were present in intermediate 
leaves of both accessions (Figure 4.4). This corresponded with the lower ROS content 
in control conditions as measured by EPR spectroscopy (Figure 4.3B). During the 5 days 
of submergence, ascorbate content appeared to accumulate significantly in Lp2-6, 
but glutathione levels were still low in both accessions (Figures 4.4A and 4.4B). 1 hour of 
recovery induced a high burst of both glutathione and ascorbate in Lp2-6, and these 
levels continued to rise up to 3 hours after de-submergence. At 1, 3, and 5 days of 
recovery, lower antioxidants were produced in Lp2-6 relative to the levels at the first 5 
hours of recovery. Although ascorbate levels increased in Bay-0 from 1 day of recovery 
onwards, the delayed induction may explain why recovery is slower in Bay-0.

Measurements of catalase (CAT) and ascorbate peroxidase (APX) enzymatic 
activity in the whole rosette also revealed higher activity in the tolerant accession at 3 and 
5 hours after de-submergence (Supplemental Figure 4.S3). Thus higher ROS amelioration 
and scavenging capacity, as measured by antioxidant content and enzyme activity, 
corresponded with the lower ROS content observed in Lp2-6 at 3 hours of recovery, and 
hinted at a more effective ROS scavenging system in the tolerant accession. 

Figure 4.4: Tolerant Lp2-6 has higher antioxidant levels during recovery.
(A) Glutathione content in intermediate leaves of Bay-0 and Lp2-6 following 5 days of complete 
submergence. Bars = mean ± SE (n=3). 
(B) Ascorbate content in intermediate leaves of Bay-0 and Lp2-6 following 5 days of complete 
submergence. Data is expressed as grams of ascorbate content per 100 g fresh weight. Bars = mean 
± SE (n=3). Different letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s 
multiple comparisons test). 
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Post-submergence ROS production may be linked to RbohD activity
RESPIRATORY BURST OXIDASE HOMOLOGUE D (RbohD) is a ROS-generating NADPH 
oxidase bound at the plasma membrane of various cellular components, including 
the mitochondria and ER. RbohD was identified as one of the top upregulated gene 
in Bay-0 under the submergence and post-submergence comparisons relative to Lp2-
6. After 5 days of submergence in Bay-0, Ribo-seq revealed increased abundance 
of RbohD ribosome-associated transcripts, which increased further at 3 hours after 
de-submergence compared to the slight induction in Lp2-6 (Figure 4.5A). qRT-PCR 
confirmed this trend, as RbohD expression already started increasing at 1 hour after 
de-submergence in Bay-0, while Lp2-6 maintained low expression across all time points 
(Figure 4.5B). At 3 hours after de-submergence, RbohD expression was the highest in Bay-
0, correlating with the ROS burst at the same time point measured by EPR spectroscopy 
(Figure 4.3B). Reduced RbohD expression and activity in Lp2-6, combined with higher 
antioxidant levels may therefore be linked to less ROS accumulation. In dark controls 
(5 days of dark treatment followed by recovery in light), RbohD had significantly lower 
transcript abundance. Although expression levels seemed to increase slightly during 
recovery from darkness, the differences were not significant (Supplemental Figure 
4.S4A). Hence, RbohD induction upon recovery from dark submergence was primarily 
due to the submergence treatment and not by darkness. 

The RbohD protein structure is composed of FAD- and NADPH-binding sites, 6 
transmembrane domains, and an oxidase domain (Kadota et al., 2014). NADPH oxidases 
are regulated through calcium binding to EF-hand motifs in the N-terminal domain and 
phosphorylation reactions by calcium-dependent protein kinases. The sequence of 
RbohD was compared for single nucleotide polymorphisms (SNPs) in the genomes of Lp2-
6 and Bay-0, relative to Col-0 (Supplemental Figure 4.S5). When aligning the nucleotides 
between genomes, Bay-0 had partially unsequenced regions of RbohD, but this was 
outside of the calcium binding and EF-hand domains. In the sequenced regions, Bay-0 
had many more SNPs compared to Lp2-6. Amino acid sequences were compared to 
determine if the SNPs contributed to a change of RbohD function in Lp2-6. Although 
SNPs resulted in several non-synonymous amino acid substitutions in the RbohD protein 
sequence, these changes were also outside of the critical calcium-binding motif.  

To assess the relevance of RbohD induction and an associated ROS burst during 
recovery, a rbohD-3 mutant with restricted NADPH oxidase-mediated ROS production 
was investigated. In submergence experiments with rbohD and Col-0, plants submerged 
for 6 days in the dark showed similar submergence-mediated damage (Figure 4.5C). Yet, 
during the recovery period, Col-0 had a better survival phenotype than rbohD mutants. 
The improved recovery of Col-0 plants was reflected in higher chlorophyll content and 
dry weight during recovery compared to rbohD mutants (Figure 4.5D). Although all 
rbohD mutants survived the post-submergence stress, the lower dry weight during 1, 
3, and 5 days of recovery (Figure 4.5E) correlated with slower formation of new leaves 
(Figure 4.5F). 
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The RbohD mutation effectively impaired ROS production. DAB staining 
revealed little H2O2 production in rbohD compared to Col-0 (Supplemental Figure 4.S4B). 
Accordingly, MDA content was also extremely low in rbohD mutants during recovery, 
with similar levels as in plants under control (pre-sub) growth conditions (Figure 4.5G). 
In contrast, Col-0 plants showed increasing levels of MDA up to 3 days of recovery, 
indicating ROS-mediated lipid peroxidation. Thus RbohD-mediated ROS production 
appeared to be important for recovery.

Chemical manipulation of the early ROS burst improves post-submergence recovery in 
Bay-0 but not in Lp2-6
A RbohD-mediated ROS burst has been previously demonstrated in hypoxia-stressed 
Arabidopsis seedlings and found to be essential for hypoxia survival (Baxter-Burrell et al., 
2002; Pucciariello et al., 2012). We hypothesized that a ROS burst upon de-submergence 
is potentially required for ROS-mediated signaling during recovery and could have 
contributed to the slower recovery of rbohD mutants. However, based on the results 
showing a higher induction of RbohD during recovery in Bay-0, it was hypothesized that 
while a ROS burst might be beneficial upon de-submergence, excessive ROS production 
and failure to contain it thereafter hinders recovery. Combined with the delayed 
activation of ROS amelioration mechanisms in Bay-0, this excessive ROS could account 
for the more severe leaf damage and recovery observed in this accession following de-
submergence. 

Accordingly, the ROS burst observed immediately upon de-submergence was 
manipulated by chemical inhibition of RbohD activity. Plants of both accessions were 
sprayed with 200 µM of the NADPH oxidase inhibitor diphenyleneiodonium (DPI) on Bay-0 

Figure 4.5: rbohD mutants have hindered post-submergence recovery compared to wildtype Col-0 
plants.  
(A) Normalized RPKM values of RbohD corrected for library size and composition in the Ribo-seq 
dataset at the control, 5 days of submergence (sub), and 3 hours of recovery (rec) time points. Bars = 
mean ± SE (n=2).
(B) Relative mRNA abundance of RbohD measured by qRT-PCR in Bay-0 and Lp2-6 intermediate leaves 
during de-submergence time points at the end of 5 days of dark submergence. Bars = mean ± SE (n=3). 
(C) Representative images of rbohD mutants and Col-0 wildtype plants recovering after 6 days of dark 
submergence.
(D) Chlorophyll content of rbohD and Col-0 during post-submergence recovery. Bars = mean ± SE 
(n=12). 
(E) Dry weight of whole rbohD and Col-0 rosettes during recovery. Bars = mean ± SE (n=12). 
(F) New leaf formation of rbohD mutants and Col-0 following 5 days of submergence quantified over 
8 days of recovery. Bars = mean ± SE (n=30). Asterisks represent a significant difference between the 
two accessions at the specified time point (p<0.05, two-way ANOVA with Sidak’s multiple comparisons 
test).  
(G) MDA content in rbohD is significantly lowered compared to Col-0 wildtype. Bars = mean ± SE 
(n=12). Different letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple 
comparisons test). 
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plants, only in the 1 hour after de-submergence. In Bay-0, DPI spraying boosted recovery 
compared to mock-sprayed plants (Figure 4.6A). Within 1 day of recovery, chlorophyll 
content was significantly higher in Bay-0 plants sprayed with DPI (Figure 4.6B). Higher 
chlorophyll content and lower oxidative stress damage may have contributed to faster 

B                                                        C

D

A

between the two accessions at the specified time point (p<0.05, two-way ANOVA with Sidak’s multiple 
comparisons test).  
(D) MDA content of Bay-0 rosettes sprayed with DPI upon de-submergence. Bars = mean ± SE (n=20). 
Different letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple 
comparisons test).

Figure 4.6: Application of the RbohD inhibitor 
DPI on Bay-0 plants upon de-submergence 
improved recovery.
(A) Representative images of Bay-0 plants 
sprayed with 200 µM DPI showing improved 
post-submergence recovery compared to non-
sprayed plants. 
(B) Chlorophyll content of Bay-0 rosettes with DPI 
application upon de-submergence compared to 
control plants. Bars = mean ± SE (n=20). 
(C) New leaf formation of Bay-0 plants with 
or without DPI application. Bars = mean ± SE 
(n=20). Asterisks represent a significant difference 
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new leaf development in DPI-treated Bay-0 plants (Figure 4.6C). DPI also dampened lipid 
peroxidation from 5 hours of recovery onwards, as reflected in lowered MDA levels in the 
entire rosette (Figure 4.6D). Although the application of DPI upon de-submergence in 
Bay-0 improved recovery, the MDA accumulation indicated it did not severely reduce 
ROS levels. 

In Lp2-6 plants, which had much lower ROS levels than Bay-0 upon recovery 
(Figure 4.3B), spraying of 200 µM of DPI upon de-submergence considerably reduced 
ROS levels (Figure 4.7). MDA content was very low (though slightly higher than rbohD 
mutants) during all post-submergence time points in plants treated with DPI, while 
mock-sprayed plants had strong MDA accumulation at 5 hours and up to 3 days of 
de-submergence (Figure 4.7E). DPI-treated Lp2-6 plants showed slower recovery 
compared to control recovery Lp2-6 plants, as also observed with rbohD mutants in 
which recovery was hindered despite reduced MDA levels (Figures 4.7A and 4.5C).             

Based on visual observations, Lp2-6 plants sprayed with DPI had more desiccation 
stress and senescence symptoms 1 day after de-submergence (Figure 4.7A). Hence, DPI 
application appeared to effectively restrict most post-submergence ROS production in 
Lp2-6. However, the negative implication of this restriction suggested that RbohD activity 
leading to ROS production soon after de-submergence was needed for faster recovery. 
By 5 days of recovery, control non-sprayed Lp2-6 plants had more green leaves and all 
rosettes were forming new leaves (Figure 4.7D). Delayed production of new leaves in 
plants with DPI addition correlated with lower dry weight accumulation (Figure 4.7C) 
and lower chlorophyll content compared to DPI-untreated plants (Figure 4.7B). It must 
be noted, however, that the DPI effect on Lp2-6 recovery was not as severe as that 
observed in rbohD mutants with constitutively impaired ROS production. 

In conclusion, it appeared that although excessive ROS are harmful during 
recovery, limited and tightly controlled ROS production soon after de-submergence is 
beneficial for recovery. In Bay-0, DPI application likely dampened the otherwise excessive 
ROS formed upon de-submergence, thus improving recovery. However, when ROS 
levels were significantly reduced as in Lp2-6, the opposite effect of hampered recovery 
was observed. Thus, a fine-tuned balance between production and scavenging seems 
to be critical for optimal recovery. 
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Figure 4.7: Application of the RbohD inhibitor DPI on Lp2-6 plants upon de-submergence hindered 
recovery. 
(A) Representative images of recovering Lp2-6 plants sprayed with 200 µM DPI. DPI was sprayed on 
plants immediately upon de-submergence and following 5 days of dark submergence.
(B) Chlorophyll content during recovery of Lp2-6 rosettes sprayed with or without DPI upon de-
submergence. Bars = mean ± SE (n=20). 
(C) Dry weight of Lp2-6 rosettes sprayed with or without DPI upon de-submergence. Bars = mean ± SE 
(n=20). 
(D) New leaf formation during recovery of Lp2-6 plants sprayed with or without DPI. Bars = mean ± 
SE (n=20). No leaves formed during submergence. Asterisks represent a significant difference at the 
specified time point (p<0.05, two-way ANOVA with Sidak’s multiple comparisons test).  
(E) MDA content of DPI-sprayed and non-sprayed Lp2-6 rosettes during post-submergence recovery. 
Bars = mean ± SE (n=20). Different letters represent significant difference (p<0.05, two-way ANOVA with 
Tukey’s multiple comparisons test). 
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Discussion

ROS are continually produced in plant cells as byproducts of metabolic pathways 
but levels are constantly kept in check via effective scavenging mechanisms. These 
defense mechanisms allow ROS to trigger specific signaling events for cell growth or 
during various biotic and abiotic stresses (Chang et al., 2012; Mittler, 2017). During 
submergence, the shift to a low oxygen environment dampens metabolic processes, 
but when floodwaters recede, the return to a reoxygenated environment re-activates 
photosynthetic and mitochondrial activity. Yet, damages incurred during submergence 
can cause excessive electron and proton leakage in the mitochondria and chloroplast. 
During reoxygenation, the sudden high amount of oxygen molecules interact with 
unpaired electrons and reduced forms of electron transport chain byproducts, triggering 
a burst of ROS formation. ROS formation has been demonstrated in previous studies in the 
context of reoxygenation following anoxia/hypoxia or submergence in rice (Ushimaru 
et al., 1992; Ella et al., 2003b; Upadhyay et al., 2010; Fukao et al., 2011; Alpuerto et al., 
2016), soybean (Beaudoin et al., 2009; Tamang et al., 2014), wheat (Biemelt et al., 1998), 
and Arabidopsis (Tsai et al., 2014; Yuan et al., 2017).

Submergence conditions induced slight amounts of ROS formation, 
corresponding with ROS production under hypoxia or anoxia in Arabidopsis seedlings 
experiments (Baxter-Burrell et al., 2002; Banti et al., 2010; Chang et al., 2012; Pucciariello 
et al., 2012; Paradiso et al., 2016). The ROS burst under hypoxic or anoxic conditions 
varied between studies, however. Chang et al. (2012) noted that anoxia inhibited 
mitochondrial superoxide production, while hypoxic conditions facilitated more ROS 
production. Contrastingly, Pucciariello et al. (2012) saw a transient burst of H2O2 under 
anoxia but not hypoxia. High resolution and accurate ROS measurements in planta 
are very challenging primarily due to their extremely short half-life. Here, real-time ROS 
detection and quantitation were obtained using the highly sensitive EPR spectroscopy 
technique to demonstrate that a burst of reactive oxygen species (ROS) is formed upon 
de-submergence in Arabidopsis. Furthermore, measurements in the submergence 
intolerant Bay-0 with the submergence tolerant Lp2-6 showed distinct ROS production 
and oxidative stress responses.

Bay-0 recorded high levels of ROS with a distinct peak at 3 hours of recovery 
(Figure 4.3B). Thereafter, ROS levels remained high in this accession, even after 1 day 
of de-submergence. Lp2-6 intermediate leaves also had a small ROS burst at 1 hour 
of recovery, but additional ROS production was effectively restricted, most likely due 
to higher ROS-scavenging antioxidant content (Figure 4.4 and Supplemental Figure 
4.S3). Lp2-6 was tolerant to oxidative stress even when higher concentrations of methyl 
viologen were applied to trigger superoxide formation (Figure 4.3C). Antioxidant content 
was much higher in Lp2-6 intermediate leaves during the first day of submergence 
recovery, especially at 1 hour and 3 hour after de-submergence (Figure 4.4). After 1 day 
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of recovery in Lp2-6, high antioxidant levels were no longer maintained, and it may be 
remobilizing its resources to other metabolic processes for recovery. Although ascorbate 
content accumulated in Bay-0 1 day after de-submergence, most oxidative stress 
damage had already occurred during the first 6 hours of recovery. Delayed antioxidant 
production in the intermediate leaves might therefore be too late for Bay-0 despite 
the high antioxidant content. In both accessions, relatively lower ROS production was 
measured under dark treatment compared to dark submergence conditions, supporting 
the conclusion that ROS were mainly produced as result of submergence rather than 
dark stress. 

The ability to contain oxidative stress generated after de-submergence could 
have also explain the faster recovery of photoinhibitory damage (reflected in Fv/Fm 
values) in intermediate and young leaves in Lp2-6 compared to Bay-0 (Figure 2.6C). 
Fv/Fm values were still high in intermediate and young Bay-0 leaves after 5 days of 
submergence (approximately 0.8, the value under normal growth conditions), while Fv/
Fm dropped to about 0.3 in Lp2-6. The lower value reflected a lower amount of light 
absorbed by chlorophyll in photosystem II, implying that photochemical processes were 
less efficient. Preventing photosynthetic activity during the first hours of recovery could 
be beneficial to the plant, as less active electron transport chains would prevent electron 
leakage from interacting with oxygen for ROS formation. Elevated ROS levels in Bay-0 
could explain the negative impact on photosynthetic efficiency during the recovery 
time points and this was reflected in lower recovery of starch levels (Supplemental Figure 
2.S4).

Although excessive ROS are damaging, controlled ROS production is 
considered essential for stress signaling. This production of ROS as signal transduction 
molecules involves the activity of several enzymes including the NADPH oxidases or 
the RBOHs. In Arabidopsis, the RbohD-mediated ROS burst during hypoxia is essential 
for activation of the core hypoxia genes mediating hypoxia acclimation and survival 
(Mustroph et al., 2009; Pucciariello et al., 2012; Yao et al., 2016). Interestingly, the Ribo-
seq data supported by measurement of mRNA transcript abundance suggested a 
higher RbohD transcription in Bay-0 upon recovery compared to Lp2-6 (Figures 4.5A and 
4.5B). However, prolonged submergence dampened expression of the core hypoxia 
genes (Supplemental Figure 3.S4), and excessive post-submergence ROS formation 
through RbohD in combination with an ineffective scavenging system seemed to be 
highly damaging for Bay-0.

Manipulation of RbohD activity through chemical or genetic means revealed 
that controlled ROS production might be required for stress signaling during recovery, 
but needs to be countered by an effective antioxidant defense system that can 
manage excessive ROS accumulation and damage. rbohD knockout mutants in a Col-0 
background had significantly lower H2O2 production as observed by DAB histochemical 
staining (Supplemental Figure 4.S4B) and lipid peroxidation (Figure 4.5G) compared to 
Col-0 wildtype plants. Yet, the lack of a ROS burst seemed to also eliminate the necessary 

4



109

Excessive Oxidative Stress During Post-Submergence 

trigger for oxidative stress response signaling and tolerance. rbohD mutants displayed 
delayed recovery (Figure 4.5C) and more chlorosis (Figure 4.5D) than wildtype plants. 
Ultimately, rbohD knockouts had slower new leaf formation (Figure 4.5F). 

Restricting the early ROS burst upon de-submergence in Lp2-6 with DPI 
application also delayed recovery, though to a lesser extent than observed in rbohD 
mutants (Figure 4.7). DPI-sprayed Lp2-6 plants endured more chlorophyll degradation 
(Figure 4.7B) and slower development of new leaves (Figures 4.7C and 4.7D). Hence, 
H2O2 was required in low amounts to trigger adaptive mechanisms. 

In contrast to Lp2-6, application of DPI upon de-submergence improved recovery 
in Bay-0 (Figure 4.6A). DPI-treated plants had reduced ROS formation as measured 
by lower accumulation of lipid peroxidation (Figure 4.6D). In this case, however, this 
contributed to higher chlorophyll content (Figure 4.6B) and faster development of new 
leaves (Figure 4.6C). Yet, not all ROS formation was completely restricted by DPI, as MDA 
levels of Bay-0 plants with DPI application were still higher than that of Lp2-6 plants. ROS 
may also be formed independent of RbohD, for instance through enzymatic reactions 
in the peroxisomes or peroxidases localized in the cell wall (Mignolet-Spruyt et al., 2016). 
Thus in Bay-0, DPI application helped dampen, but not drastically reduce, RbohD-
mediated ROS production. This allows stress signaling to continue while also containing 
excessive ROS formation and resulting damage.

The importance of maintaining ROS homeostasis during hypoxia signaling has 
been demonstrated previously. In Arabidopsis, RbohD has been shown to trigger stress 
responses during hypoxia through RHO (Ras homologous)-RELATED PROTEIN FROM 
PLANTS 2 (ROP2) (Baxter-Burrell et al., 2002). Activation of ROP2 under low oxygen 
conditions triggered H2O2 accumulation through RbohD, but H2O2 further induced 
GUANOSINE TRIPHOSPHATASE (GTPase) ACTIVATING PROTEIN 4 (ROPGAP4). ROPGAP4 
negatively regulates ROP2 to control further ROS production. Accordingly, in knockout 
ROPGAP4 mutants, ROS homeostasis is not maintained and despite elevated ALCOHOL 
DEHYDROGENASE (ADH) expression and activity to regulate anaerobic respiration, the 
mutants have reduced hypoxia survival. Thus, controlled H2O2 production by RbohD and 
its interacting partner ROP2 is necessary for prevention of ROS toxicity. 

Although the localization of ROS production during post-submergence recovery 
was not investigated here, RbohD localized at the plasma membrane produces 
superoxide in the apoplast, which quickly converts to H2O2 by dismutation. H2O2 moves 
into the cytosol through aquaporins channels (Bienert et al., 2007; Bienert and Chaumont, 
2014). H2O2 may also be produced in the mitochondria, as mitochondria-dependent 
ROS production in hypoxic Arabidopsis seedlings has been shown to activate a mitogen-
activated protein kinase MAP KINASE 6 (MAPK6) (Chang et al., 2012). MAPK6 was 
elevated in Bay-0 during submergence and at 3 hours of recovery (Supplemental Figure 
4.S6). MAPK6 may act upstream of NADPH oxidases to regulate RbohD activity through 
mitochondrial ROS signaling (Yoshioka et al., 2003; Rathore et al., 2008). Induction of 
both MAPK6 and RbohD in Bay-0 may therefore be interconnected. 

4



110

Chapter 4

Controlled levels of ROS play a positive role in regulating cell signaling and signal 
transduction, but uncontrollable ROS production is very damaging. Maintenance of 
ROS homeostasis is therefore critical during post-submergence recovery. The results here 
suggest that the small ROS burst in Lp2-6 at 1 hour after de-submergence served as a 
signal for stress responses, but Lp2-6 had better control of ROS levels within 24 hours after 
de-submergence through increased antioxidant content. In contrast, ROS production in 
Bay-0 exceeded its scavenging capacity resulting in damage and delayed recovery. 
Even with upregulation of ribosome-bound transcripts associated with oxidative stress 
after 5 days of submergence and at 3 hours of recovery (Figure 4.2), Bay-0 still had 
significantly higher oxidative stress in the first 5 days after de-submergence. Despite 
elimination of the ROS burst in Lp2-6 hindering recovery (Figure 4.7), the overall higher 
submergence tolerance of Lp2-6 compared to Bay-0 still posed an advantage for faster 
post-submergence recovery. Hence, submergence and post-submergence tolerance 
may be linked to efficient control of ROS production.
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Supplemental Data

Supplemental Figure 4.S1: Histochemical staining displays more hydrogen peroxide (H2O2) and 
superoxide (O2

•−) accumulation in Bay-0 during post-submergence recovery.
(A) DAB histochemical staining of H2O2 in representative intermediate leaves of Bay-0 and Lp2-6. The 
scale bar represents 500 µm.
(B) NBT histochemical staining for superoxide in representative intermediate leaves of Bay-0 and Lp2-6. 
The scale bar represents 500 µm.
(C) Whole leaf overview of NBT histochemical staining for superoxide in representative intermediate 
leaves of Bay-0 and Lp2-6. Darker blue staining occurs when NBT reacts with superoxide.
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Supplemental Figure 4.S2: EPR spectroscopy measurement of ROS production in young leaves of Bay-0 
and Lp2-6.
(A) Typical EPR spectrum of ROS trapped within the TMT-H spin probe measured on a Bruker Elexsys E500 
spectrometer. The green line represents a control non-submerged sample while the red line represents 
a de-submerged sample with higher peaks corresponding with more ROS production. 
(B) ROS levels quantified in young leaves at 0, 1, 3, 7, and 24 hours after de-submergence. Points = 
mean ± SE (n=5). The asterisk represents a significant difference between accessions in the submerged 
samples at the 3 hour time point (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test). 
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Supplemental Figure 4.S3: Higher antioxidant enzymatic activity in whole rosettes of Lp2-6 corresponds 
with lower ROS production.
(A) Catalase (CAT) antioxidant enzymatic activity in whole rosettes. Points = mean ± SE (n=3). The 
asterisk represents a significant difference between the two accessions at the specified time point 
(p<0.05, two-way ANOVA with Sidak’s multiple comparisons test).  
(B) Ascorbate peroxidase (APX) antioxidant enzymatic activity in whole rosettes. Points = mean ± SE 
(n=3). Asterisks represent a significant difference between the two accessions at the specified time 
point (p<0.05, two-way ANOVA with Fisher’s Least Significant Difference test). 

Supplemental Figure 4.S4: RbohD is not induced 
by darkness and does not undergo post-
submergence oxidative stress.  
(A) Relative mRNA levels in RbohD during 
recovery after 5 days of dark treatment. Bars 
= mean ± SE (n=3). There are no significant 
differences (p<0.05, two-way ANOVA with 
Tukey’s multiple comparisons test).  
(B) DAB histochemical staining for H2O2 in 
representative RbohD and Col-0 intermediate 
leaves. The scale bar represents 500 µm.
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Lp2-6 ATGAAAATGAGACGAGGCAATTCAAGTAACGACCATGAACTTGGGATTCTACGAGGAGCTAACTCGGACACCAACTCGGACACGGAGAGCATCGCTAGCG 100
Bay-0 ATGAAAATGAGACGAGGCAATTCAAGTAACGACCATGAACTTGGGATTCTACGAGGAGCTAACTCGGACACCAACA------------------------
Col-0 ATGAAAATGAGACGAGGCAATTCAAGTAACGACCATGAACTTGGGATTCTACGAGGAGCTAACTCGGACACCAACTCGGACACGGAGAGCATCGCTAGCG
      ***************************************************************************:

Lp2-6 ACCGTGGTGCCTTTAGCGGTCCGCTTGGCCGGCCTAAACGTGCGTCCAAGAAAAACGCAAGATTTGCCGACGATCTTCCCAAGAGAAGCAGTAGTGTTGC 200
Bay-0 ----------------------------------------------------AAACGCAAGATTCGCCGACGATCTTCCCAAGAGAAGCAATAGTGTTGC
Col-0 ACCGTGGTGCCTTTAGCGGTCCGCTTGGCCGGCCTAAACGTGCGTCCAAGAAAAACGCAAGATTCGCCGACGATCTTCCCAAGAGAAGCAATAGTGTTGC
                                                          ************ *************************.*********

Lp2-6 TGGCGGCCGTGGTGATGACGATGAGTACGTGGAGATCACGCTAGACATCAGGGACGACTCGGTGGCCGTCCACAGTGTCCAACAAGCAGCTGGAGGTGGA 300
Bay-0 TGGCGGCCGTGGTGATGACGATGAGTACGTGGAGATCACGCTAGACATCAGGGACGACTCGGTGGCCGTCCATAGTGTCCAACAAGCAGCTGGAGGTGGA
Col-0 TGGCGGCCGTGGTGATGACGATGAGTACGTGGAGATCACGCTAGACATCAGGGACGACTCGGTGGCCGTCCATAGTGTCCAACAAGCAGCTGGAGGTGGA
      ************************************************************************ ***************************

Lp2-6 GGCCACCTGGAGGACCCGGAGCTAGCCCTTCTTACGAAGAAGACTCTCGAGAGCAGCCTCAACAACAACACCTCCTTGTCCTTCTTCCGAAGCACCTCCT 400
Bay-0 GGCCACCTGGAGGACCCGGAGCTAGCCCTTCTTACGAAGAAGACTCTCGAGAGCAGCCTCAACAACACCACCTCCTTATCTTTCTTCCGAAGCACCTCCT
Col-0 GGCCACCTGGAGGACCCGGAGCTAGCCCTTCTTACGAAGAAGACTCTCGAGAGCAGCCTCAACAACACCACCTCCTTATCTTTCTTCCGAAGCACCTCCT
      *******************************************************************.*********.** *******************

Lp2-6 CACGCATCAAGAACGCCTCCCGCGAGCTCCGCCGCGTGTTCTCTAGACGTCCCTCCCCGGCCGTGCGGCGGTTTGACCGCACGAGCTCCGCGGCCATCCA 500
Bay-0 CACGCATCAAGAACGC------------------------------------------------------------------------------------
Col-0 CACGCATCAAGAACGCCTCCCGCGAGCTCCGCCGCGTGTTCTCTAGACGTCCCTCCCCGGCCGTGCGGCGGTTTGACCGCACGAGCTCCGCGGCCATCCA
      ****************    

Lp2-6 CGCACTCAAAGGTCTCAAGTTCATCGCCACCAAGACGGCAGCATGGCCAGCCGTGGACCAACGTTTCGATAAACTCTCCGCTGATTCCAACGGCCTCTTA 600
Bay-0 ----------------------------------------------------------------------------------GATTCCAACGGCCTCTTA
Col-0 CGCACTCAAAGGTCTCAAGTTCATTGCCACCAAGACGGCCGCATGGCCGGCCGTCGACCAACGTTTCGATAAACTCTCCGCTGATTCCAACGGCCTCTTA
                                                                                        ******************

Lp2-6 CTCTCTGCCAAGTTTTGGGAATGCTTAGgtaaataaatcacttcttactaagcaattctattagtactatatgtttccattttt--gttagtctcatttt 700
Bay-0 CTCTCTGCCAAGTTTTGGGAATGCTTAGgtaagtaaatcacttcttactaagcaattctattagtactatatgtttccatttttgtgttagtctcatttt
Col-0 CTCTCTGCCAAGTTTTGGGAATGCTTAGgtaagtaaatcacttcttactaagcaattctattagtactatatgtttccatttttgtgttagtctcatttt
      ********************************.***************************************************  **************

Lp2-6 tgttttgttttatactctagGAATGAATAAGGAATCTAAAGACTTCGCTGACCAGCTCTTTAGAGCATTAGCTCGCCGGAATAACGTCTCCGGCGATGCA 800
Bay-0 tgttttgttttttactctagGAATGAATAAGGAATCTAAAGACTTCGCTGACCAGCTCTTTAGAGCATTAGCAC-----------TTAGCACGCGATGCA
Col-0 tgttttgttttttactctagGAATGAATAAGGAATCTAAAGACTTCGCTGACCAGCTCTTTAGAGCATTAGCTCGCCGGAATAACGTCTCCGGCGATGCA
      ***********:************************************************************:*           ***************

Lp2-6 ATCACAAAGGAACAGCTTAGGATATTCTGGGAACAGATCTCAGACGAAAGCTTTGATGCCAAACTCCAAGTCTTTTTTGACATgtaag-ttttttttact 900
Bay-0 ATCACAAAGGAACAGCTTAGGATATTCTGGGAACAGATCTCAGACGAAAGCTTTGATGCCAAACTCCAAGTCTTTTTTGACATgtaagcttttttttaca
Col-0 ATCACAAAGGAACAGCTTAGGATATTCTGGGAACAGATCTCAGACGAAAGCTTTGATGCCAAACTCCAAGTCTTTTTTGACATgtaagcttttttttaca
      **************************************************************************************** **********:

Lp2-6 tatcttcacctaacccacaataaatatctaacgcgtaatcactatttgtcgtttaatattgactcttaatgaaaatcaaacggtcatcagaatttaagga 1000
Bay-0 tatcttcacctaacccacaataaatatataacgcgtaatcactatttgtcgtttaatattgactcttaatgaaaattaaacggtcatcagaatttaagga
Col-0 tatcttcacctaacccacaataaatatataacgcgtaatcactatttgtcgtttaatattgactcttaatgaaaattaaacggtcatcagaatttaagga
      ***************************.************************************************ ***********************

Lp2-6 ccaaaagtaataatattaatcatttgtggagttttggtggatttgtaactaataaatgacatcactgttttgtcagGGTGGACAAAGATGAAGATGGGCG 1100
Bay-0 ccaaaagtagtaatattaatcatttgtggagttttggtggatttgtaactaatatatgacatcactgtttggtcagGGTGGACAAAGATGAAGATGGGCG
Col-0 ccaaaagtagtaatattaatcatttgtggagttttggtggatttgtaactaatatatgacatcactgtttggtcagGGTGGACAAAGATGAAGATGGGCG
      *********.********************************************:*************** *****************************

Lp2-6 AGTAACAGAAGAAGAGGTGGCTGAGgtgagaaaaaacacacaccactcaataattatctttttcaaatattttattatatttataca-tttttgtatctt 1200
Bay-0 AGTAACAGAAGAAGAGGTGGCT-----------------------ctcaataattatctttttcaaatattttattatatttatacattttttttatctt
Col-0 AGTAACAGAAGAAGAGGTGGCTGAGgtgagaaaacacacacaccactcaataattatctttttcaaatattttattatatttatacattttttttatctt
      **********************                       ****************************************** ***** ******

Lp2-6 atatttattcatattcctggttgaattttttttctcttattttatacattattcttggttgattattttgacaattttgtccacgcgcaaatccccactg 1300
Bay-0 atatttattcatattcctggttgaattttttttctcttattttatacgttattc----------------------ttgtccacgcgcaaatccccactg
Col-0 atatttattcatattcctggttgaattttttttctcttattttatacgttattcttggttgattattttgacaattttgtccacgcgcaaatccccactg
      ***********************************************.******                      ********************      

Lp2-6 actttatctgctgacgtttactattaacatcatcaatatattaacttcatgtgaacacgacaaaatggtaatagatagatagagtagtagtctttgttac 1400
Bay-0 actttatctgctgacgtttactattaacatcatcaatatattaacttcatgtgaacacgacaaaatggtaatagatagatagagtagtagtctttgttac
Col-0 actttatctgctgacgtttactattaacatcatcaatatattaacttcatgtgaacacgacaaaatggtaatagatagatagagtagtagtctttgttac
      ****************************************************************************************************

B
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Lp2-6 tttagcttaggttattaatgtttcaaatactttagcttttgttttctaatttgttggtaatttattgcagATTATTAGTCTTAGTGCTTCTGCAAACAAG 1500
Bay-0 tttagcttaggttattaatgtttcaaatactttagcttttgttttctaatttgttggtaatttattgcagATTATTAGTCTTAGTGCTTCTGCAAACAAG
Col-0 tttagcttaggttattaatgtttcaaatactttagcttttgttttctaatttgttggtaatttattgcagATTATTAGTCTTAGTGCTTCTGCAAACAAG
      ****************************************************************************************************

Lp2-6 CTCTCAAATATTCAAAAGCAAGCCAAAGAATATGCGGCACTGATAATGGAAGAGTTGGACCCAGACAATGCTGGGTTTATTATGgtacgtgtggtccact 1600
Bay-0 CTCTCAAATATTCAAAAGCAAGCCAAAGAATATGCGGCACTGATAATGGAAGAGTTG--------------------TATTATGgtacgtgtggtccact
Col-0 CTCTCAAATATTCAAAAGCAAGCCAAAGAATATGCGGCACTGATAATGGAAGAGTTGGACCCAGACAATGCTGGGTTTATTATGgtacgtgtggtccact
      *********************************************************                    ***********************  

Lp2-6 ttcacccactcaatcacactaatggtattatgtacgtcgtaaatttaaccactcttaaaatactagaaaaaacgtggaaaaacataacgttctagaagtc 1700
Bay-0 ttcacccactcaatcacactaatggtattatgtacgtcgtaaatttaaccactcttaaaatactagaaaaaacgtggaaaaacataacgttctagaagtc
Col-0 ttcacccactcaatcacactaatggtattatgtacgtcgtaaatttaaccactcttaaaatactagaaaaaacgtggaaaaacataacgttctagaagtc
      ****************************************************************************************************

Lp2-6 tttagtggtcaaaattgggtcaccatgatgttttttagtttccaacttattgggccatcttgaactttttaccaaaccaatcaacaaaatctcgacaatg 1800
Bay-0 tttagtggtcaaaattgggtcaccatgatgttttttaatttccaacttattgggccatcttgaactttttaccaaaccaatcaacaaaatctcgacaatg
Col-0 tttagtggtcaaaattgggtcaccatgatgttttttaatttccaacttattgggccatcttgaactttttaccaaaccaatcaacaaaatctcgacaatg
      *************************************.**************************************************************

Lp2-6 ggtggttagtggttacgatatgaagaaatgaccaataaaattgtaaaatatatgaactaacaatataatccaagcttagaaagtcttaggcggcttccga 1900
Bay-0 ggtggttagtggttacgatatgaagaaatgaccaataaaattgtaaaatatatgaactaacaatataatccaagcttagaaagtcttaggcggcttccga
Col-0 ggtggttagtggttacgatatgaagaaatgaccaataaaattgtaaaatatatgaactaacactataatccaagcttagaaagtcttaggcggcttccga
      **************************************************************.*************************************

Lp2-6 tagtatattgttttttaattattggagaaacctatgaaaagtgtttttaagaaaaacagtttggaacattaatgttttattgtaacgttttagttaatta 2000
Bay-0 tagtatattgttttttaattattggagaaacctatgaaaagtgtttttaagaaaaacagtttggaacattaatgttttattgtaacgttttagttaatta
Col-0 tagtatattgttttttaattattggagaaacctatgaaaagtgtttttaagaaaaacagtttggaacattaatgttttattgtaacgttttagttaatta
      ****************************************************************************************************
  
Lp2-6 tatgatatggacattggtgaaacagATCGAAAACTTGGAAATGTTGCTATTACAAGCACCGAACCAGTCGGTGCGGATGGGAGACAGCAGGATACTTAGT 2100
Bay-0 tatgatatggacattggtgaaacagATCGAAAACTTGGAAATGTTGCTATTACAAGCACCAAACCAGTCGGTGCGGATGGGAGACAGCAGGATACTTAGT
Col-0 tatgatatggacattggtgaaacagATCGAAAACTTGGAAATGTTGCTATTACAAGCACCAAACCAGTCGGTGCGGATGGGAGACAGCAGGATACTTAGT
      ************************************************************.***************************************
Lp2-6 CAGATGTTAAGTCAGAAGCTTAGACCGGCAAAAGAGAGCAACCCTTTATTGAGATGGTCGGAGAAAATCAAATATTTCATACTTGATAATTGGCAGAGAT 2200
Bay-0 CAGATGTTAAGTCAGAAGCTTAGACCGGCAAAAGAGAGCAACCCTTTAGTGAGATGGTCGGAGAAA------TATTTCATACTTGACAATTGGCAGAGAC
Col-0 CAGATGTTAAGTCAGAAGCTTAGACCGGCAAAAGAGAGCAACCCTTTAGTGAGATGGTCGGAGAAAATCAAATATTTCATACTTGACAATTGGCAGAGAC
      ************************************************ *****************      ************** ************

Lp2-6 TATGGATCATGATGTTATGGCTTGGCATCTGTGGTGGCCTCTTTACTTATAAATTCATTCAGTACAAGAACAAAGCTGCCTATGGTGTGATGGGTTATTG 2300
Bay-0 TATGGATAATGATGTTATGGCTTGGCATCTGTGGTGGCCTCTTTACTTATAAATTCATTCAGTACAAGAACAAAGCTGCCTATGGTGTCATGGGTTATTG
Col-0 TATGGATAATGATGTTATGGCTTGGCATCTGTGGTGGCCTCTTTACTTATAAATTCATTCAGTACAAGAACAAAGCTGCCTATGGTGTCATGGGTTATTG
      *******.******************************************************************************** ***********

Lp2-6 TGTTTGTGTCGCCAAAGGAGGCGCCGAGACTCTCAAATTCAACATGGCTCTCATATTGTTGCCTGTTTGTCGAAACACCATCACTTGGCTTAGGAACAAG 2400
Bay-0 CGTTTGTGTCGCCAAAGGAGGCGCCGAGACTCTCAAATTCAACATGGCTCTCATATTGTTGCCTGTTTGTCGAAACACCATCACTTGGCTTAGGAACAAG
Col-0 CGTTTGTGTCGCCAAAGGAGGCGCCGAGACTCTCAAATTCAACATGGCTCTCATATTGTTGCCTGTTTGTCGAAACACCATCACTTGGCTTAGGAACAAG
       ***************************************************************************************************

Lp2-6 ACCAAGCTTGGTACTGTCGTTCCTTTTGATGATAGTCTTAACTTCCACAAGGTTATTGCAAGCGGGATAGTCGTCGGTGTTTTGCTCCATGCGGGTGCCC 2500
Bay-0 ACTAAGCTTGGTACTGTCGTTCCTTTTGATGATAGTCTTAACTTCCACAAGGTTATTGCAAGCGGGATAGTCGTCGGTGTTTTACTCCATGCGGGTGCCC
Col-0 ACTAAGCTTGGTACTGTCGTTCCTTTTGATGATAGTCTTAACTTCCACAAGGTTATTGCAAGCGGGATAGTCGTCGGTGTTTTACTCCATGCGGGTGCCC
      ** ********************************************************************************.****************

Lp2-6 ATTTAACGTGTGATTTTCCACGTTTAATTGCCGCGGATGAGGACACCTATGAGCCGATGGAAAAATACTTTGGGGATCAACCGACTAGCTACTGGTGGTT 2600
Bay-0 ATTTAACGTGTGATTTTCCACGTTTAATTGCCGCGGATGAGGACACCTATGAGCCGATGGAAAAATACTTTGGGGATCAACCGACTAGCTACTGGTGGTT
Col-0 ATTTAACGTGTGATTTTCCACGTTTAATTGCCGCGGATGAGGACACCTATGAGCCGATGGAAAAATACTTTGGGGATCAACCGACTAGCTACTGGTGGTT
      ****************************************************************************************************

Lp2-6 TGTGAAAGGAGTGGAAGGATGGACTGGCATTGTGATGGTTGTGCTAATGGCTATAGCCTTTACACTCGCTACGCCTTGGTTCCGACGTAACAAGCTTAAC 2700
Bay-0 TGTGAAAGGAGTGGAAGGATGGACTGGCATTGTGATGGTTGTGCTAATGGCTATAGCCTTTACACTCGCG-----------------TAACAAGCTTAAC
Col-0 TGTGAAAGGAGTGGAAGGATGGACTGGCATTGTGATGGTTGTGCTAATGGCTATAGCCTTTACACTCGCGACGCCTTGGTTCCGACGTAACAAGCTTAAC
      *********************************************************************                  *************

Lp2-6 TTACCTAACTTCCTCAAGAAGCTTACCGGTTTCAACGCCTTTTGGTACACCCACCATTTGTTCATCATTGTTTATGCTCTTCTCGTTGTCCATGGTATCA 2800
Bay-0 TTACCTAACTTCCTCAAGAAGCTTACCGGTTTCAACGCCTTTTGGTACACCCACCATTTGTTCATCATTGTTTATGCTCTTCTCATTGTCCATGGTATCA
Col-0 TTACCTAACTTCCTCAAGAAGCTTACCGGTTTCAACGCCTTTTGGTACACCCACCATTTGTTCATCATTGTTTATGCTCTTCTCATTGTCCATGGTATCA
      ************************************************************************************.***************

Lp2-6 AGCTCTACCTCACAAAGATTTGGTATCAGAAAACGgtactctcttcaaacctcattttatctgttttaatttcttattttctttcctttttccggttaat 2900
Bay-0 AGCTCTACCTCACAAAGATTTGGTATCAGAAAACGgtactctcttcaaacctcattttatctgttttaatttcttattttctttcctttttccggttaat
Col-0 AGCTCTACCTCACAAAGATTTGGTATCAGAAAACGgtactctcttcaaacctcattttatctgttttaatttcttattttctttcctttttccggttaat
      ****************************************************************************************************

Lp2-6 aacatttcttacctgtttatatgattcttgtagACATGGATGTATCTTGCTGTACCCATCCTTCTATATGCATCTGAGAGGCTGCTCCGTGCTTTCAGAT 3000
Bay-0 aacatttattacctgtttgtatgattcttgtagACATGGATGTATCTTGCTGTACCC-----------------GGAGAGGCTGCTCCGTGCTTTCAGAT
Col-0 aacatttattacctgtttgtatgattcttgtagACATGGATGTATCTTGCTGTACCCATCCTTCTATATGCATCGGAGAGGCTGCTCCGTGCTTTCAGAT
      *******.**********.**************************************                  *************************
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Lp2-6 CAAGCATCAAACCGGTTAAGATGATCAAGgtcagatatatttctatttatctcttgaaaaccttatgtttcaagaaata-ttcaactaatacttttaaac 3100
Bay-0 CAAGCATCAAACCGGTTAAGATGATCAAGgtcagatatatttctatttatctcttgaaaaccttatgtttcaagaaatatttcaactaatacttttaaac
Col-0 CAAGCATCAAACCGGTTAAGATGATCAAGgtcagatatatttctatttatctcttgaaaaccttatgtttcaagaaatatttcaactaatacttttaaac
      ******************************************************************************* ********************

Lp2-6 catcttattttatagttctttttgataaaagtttgaaaattgcctttgaacttaatctatatatatgtaacaacagGTGGCTGTTTACCCCGGGAACGTG 3200
Bay-0 catcttattttatagttctttttgataaaagtttgaaaattgcctttgaacttaatctatatatatgtaacaacagGTGGCTGTTTACCCCGGGAACGTG
Col-0 catcttattttatagttctttttgataaaagtttgaaaattgcctttgaacttaatctatatatatgtaacaacagGTGGCTGTTTACCCCGGGAACGTG
      ****************************************************************************************************

Lp2-6 TTGTCTCTACACATGACGAAGCCACAAGGATTCAAATACAAAAGTGGACAGTTCATGTTGGTGAACTGCCGAGCCGTATCTCCATTCGAATGGCATCCTT 3300
Bay-0 TTGTCTCTACACATGACGAAGCCACAAGGATTCAAATACAAAAGTGGACAG-------------ACTGCCGAGCCGTATCTCCATTCGAATGGCATCCTT
Col-0 TTGTCTCTACACATGACGAAGCCACAAGGATTCAAATACAAAAGTGGACAGTTCATGTTGGTGAACTGCCGAGCCGTATCTCCATTCGAATGGCATCCTT
      ***************************************************             ************************************

Lp2-6 TCTCAATCACATCAGCTCCCGGAGACGATTACCTGAGCGTACATATCCGCACTCTCGGTGACTGGACACGTAAGCTCAGGACCGTTTTCTCCGAGGTTTG 3400
Bay-0 TCTCAATCACATCAGCTCCCGGAGACGATTACCTGAGCGTACATATCCGCACACTCGGTGACTGGACACGTAAGCTCAGGACCGTTTTCTCTGAGGTTTG
Col-0 TCTCAATCACATCAGCTCCCGGAGACGATTACCTGAGCGTACATATCCGCACTCTCGGTGACTGGACACGTAAGCTCAGGACCGTTTTCTCCGAGGTTTG
      ****************************************************:************************************** ********

Lp2-6 CAAACCTCCTACCGCCGGTAAAAGCGGTCTTCTCCGAGCAGACGGAGGAGATGGAAACCTCCCGTTCCCGAAGGTCCTTATCGACGGTCCATACGGTGCT 3500
Bay-0 CAAACCTCCTACCGCCGGTAAAAGCGGTCTTCTCCGAGCAGACGGAGGAGATGGAAACCTCCCGTTCCCGAAGGTCCTTATCGACGGTCCATACGGTGCT
Col-0 CAAACCTCCTACCGCCGGTAAAAGCGGTCTTCTCCGAGCAGACGGAGGAGATGGAAACCTCCCGTTCCCGAAGGTCCTTATCGACGGTCCATACGGTGCT
      ****************************************************************************************************

Lp2-6 CCCGCACAAGACTACAAGAAATACGACGTGGTTCTCCTCGTAGGTCTCGGCATTGGAGCCACGCCTATGATCAGTATCCTTAAGGACATCATCAACAACA 3600
Bay-0 CCCGCACAAGACTACAAGAAATACGACGTGGTACTCCTCGTAGGTCTCGGCATTGGAGCCACGCCTATGATCAGTATCCTTAAGGACATCATCAACAACA
Col-0 CCCGCACAAGACTACAAGAAATACGACGTGGTACTCCTCGTAGGTCTCGGCATTGGAGCCACGCCTATGATCAGTATCCTTAAGGACATCATCAACAACA
      ********************************:*******************************************************************

Lp2-6 TGAAAGGTCCTGACCGCGACAGCGACATTGAGAACAATAACAGTAACAACAATAGTAAAGGGTTTAAGACAAGGAAAGCTTATTTCTACTGGGTGACTAG 3700
Bay-0 TGAAAGGTCCTGACCGCGACAGCGACATTGAGAACAATAACAGTAACAACAATAGTAAAGGGTTTAAGACAAGGAAAGCTTATTTCTACTGGGTGACTAG
Col-0 TGAAAGGTCCTGACCGCGACAGCGACATTGAGAACAATAACAGTAACAACAATAGTAAAGGGTTTAAGACAAGGAAAGCTTATTTCTACTGGGTGACTAG
      ****************************************************************************************************

Lp2-6 GGAACAAGGATCATTCGAGTGGTTCAAGGGAATAATGGACGAGATTTCGGAGTTAGACGAGGAAGGAATCATCGAGCTTCACAATTATTGCACGAGTGTG 3800
Bay-0 GGAACAAGGATCATTCGAGTGGTTCAAGGGAATAATGGACGAGATTTCGGAGTTAGACGAGGAAGGAATCATCGAGCTTCACAATTATTGCACGAGTGTG
Col-0 GGAACAAGGATCATTCGAGTGGTTCAAGGGAATAATGGACGAGATTTCGGAGTTAGACGAGGAAGGAATCATCGAGCTTCACAATTATTGCACGAGTGTG
      ****************************************************************************************************

Lp2-6 TACGAGGAAGGTGATGCAAGAGTGGCTCTCATTGCCATGCTTCAGTCGTTGCAACACGCTAAGAACGGTGTGGATGTTGTGTCGGGTACACGTGTCAAGT 3900
Bay-0 TACGAGGAAGGTGATGCAAGAGTGGCTCTCATTGCCATGCTTCAGTCGTTGCAACACGCTAAGAACGGTGTGGATGTTGTGTCGGGTACACGTGTCAAGT
Col-0 TACGAGGAAGGTGATGCAAGAGTGGCTCTCATTGCCATGCTTCAGTCGTTGCAACACGCTAAGAACGGTGTGGATGTTGTGTCGGGTACACGTGTCAAGT
      ****************************************************************************************************

Lp2-6 CCCACTTCGCTAAACCTAACTGGAGACAAGTCTACAAGAAGATCGCTGTTCAACATCCCGGCAAAAGAATAGgtaactaatctcgaccgttaatctcgtt 4000
Bay-0 CCCACTTC--TAAACCTAACTGGAGACAAGTCTACAAGAAGATCGCTGTTCAACATCCCGGCAAAAGAATAGgtaactaatctcgaccgttaatctcgtt
Col-0 CCCACTTCGCTAAACCTAACTGGAGACAAGTCTACAAGAAGATCGCTGTTCAACATCCCGGCAAAAGAATAGgtaactaatctcgaccgttaatctcgtt
      ********  ******************************************************************************************

Lp2-6 atgtacgtgatgttgtataataattaataaagtgatgaatttagactaaatactaatatgaattttgattgcagGAGTCTTCTACTGTGGAATGCCAGGA 4100
Bay-0 atgtacgtgatgttgtataataattaataaagtgatgaatttagactaaatactaatatgaattttgattgcagGAGTCTTCTACTGTGGAATGCCAGGA
Col-0 atgtacgtgatgttgtataataattaataaagtgatgaatttagactaaatactaatatgaattttgattgcagGAGTCTTCTACTGTGGAATGCCAGGA
      ****************************************************************************************************

Lp2-6 ATGATAAAGGAATTAAAAAATCTAGCTTTGGATTTTTCTCGAAAGACAACTACCAAGTTTGACTTCCACAAAGAGAACTTCTAGattaattatatacgtt 4200
Bay-0 ATGATAAAGGAATTAAAAAATCTAGCTTTGGATTTTTCTCGAAAGACAACTACCAAGTTTGACTTCCACAAAGAGAACTTCTAGattaattatatacgtt
Col-0 ATGATAAAGGAATTAAAAAATCTAGCTTTGGATTTTTCTCGAAAGACAACTACCAAGTTTGACTTCCACAAAGAGAACTTCTAGattaattatatacgtt
      ****************************************************************************************************

Lp2-6 gtcgaaaaataaaacaagaaacaactatacaaataaatatttattttaaattcttttca-ttttatgtaaaattatctgagttatctttttttgttcttc 4300 
Bay-0 gtagaaaaataaaacaagaaacaactatacaaataaatatttattttaaattcttttcatttttatgtaaaattatctgagttatctttttttgttcttc
Col-0 gtagaaaaataaaacaagaaacaactatacaaataaatatttattttaaattcttttcatttttatgtaaaattatctgagttatctttttttgttcttc
      **.******************************************************** ****************************************

Lp2-6 tatatccctaccgttttgttggttactttttcactacttagtttaatgccaaattaagtataagatagtagaagtttatatagttacagctttggtgttg 4400
Bay-0 tatatccctaccgttttgttggttactttttcactacttagtttaatgccaaattaagtataagatagtagaagtttatatagttacagctttggtgttg
Col-0 tatatccctaccgttttgttggttactttttcactacttagtttaatgccaaattaagtataagatagtagaagtttatatagttacagctttggtgttg
      ****************************************************************************************************

Lp2-6 taaacatgtaatcatggagttatctgtactattattttgtacttatattcgaatattaacaactaaagatagttttgatattcaatacccattactcatt 4500
Bay-0 taaacatgtaatcatggagttatctgtactattattttgtacttatattcgaatattaacaactaaagatagttttgatattcaatacccattactcatt
Col-0 taaacatgtaatcatggagttatctgtactattattttgtacttatattcgaatattaacaactaaagatagttttgatattcaatacccattactcatt   
      ****************************************************************************************************

Lp2-6 taacataatgaatagagatatcaacattagatacgtcttgattatttgctcaccaatgcatttgcgtgtttaacttgtttatatgttattaatagtgtgc 4600
Bay-0 taacataatgaatagagatatcaacattagatacgtcttgattatttgctcaccaatgcatttgcgtgtttaacttgtttatatgttattaatagtgttc
Col-0 taacataatgaatagagatatcaacattagatacgtcttgattatttgctcaccaatgcatttgcgtgtttaacttgtttatatgttattaatagtgttc
      ************************************************************************************************** *
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Lp2-6 ttttagttaaaatgacaaataatttctgaactcaaaagcatcttatatcacaactctagctagattagtttagcttttcataagtcttcttgcgtttacg 4700
Bay-0 ttttagttaaaatgacaaataatttcttaactcaaaagcatcttatatcacaactctagctagattagtttagcttttcataagtcttcttgcgtttacg
Col-0 ttttagttaaaatgacaaataatttcttaactcaaaagcatcttatatcacaactctagctagattagtttagcttttcataagtcttcttgcgtttacg
      *************************** ************************************************************************
         
Lp2-6 tctttatttatgggttgataccctattcactactttaatttgccttgcacttggggtagtttaaaagactttaaaattatgcagctagaatataataaaa 4800
Bay-0 tctttatttatgggttgataccctattcactactttaatttgccttgcacttgggatagtttaaaagactttaaaattatgcagctagaatataatcaaa
Col-0 tctttatttatgggttgataccctattcactactttaatttgccttgcacttgggatagtttaaaagactttaaaattatgcagctagaatataatcaaa
      *******************************************************.****************************************.***

Lp2-6 acttgatataagtatcaaaataattaaatacaattgctatcgataataatcagaaacaatggttatgaatggttaagtttgtttccttaaaatggttacg 4900
Bay-0 acttgatataagtatcaaaataattaaatacaattgctatcgataataatcagaaacaatcgttatgaatggttaagtttgtttccttaaaatggttacg
Col-0 acttgatataagtatcaaaataattaaatacaattgctatcgataataatcagaaacaatcgttatgaatggttaagtttgtttccttaaaatggttacg
      ***************************************************************************************************

Lp2-6 aatgattaattttgttccttaggt-aactaaaagttcaaaaacaaatccaacctactacaatctaagaaaacttacaaagtttatggttgattgcagaat 5000
Bay-0 aatgattaattttgttccttaggtaaactaaaagttcaaaaacaaatccaacctactacaatctaagaaaactgacaaagtttatggttgattacagaat
Col-0 aatgattaattttgttccttaggtaaactaaaagttcaaaaacaaatccaacctactacaatctaagaaaactgacaaagtttatggttgattacagaat
      ************************ ************************************************ *******************.******

C

D
Lp2-6 MKMRRGNSSNDHELGILRGANSDTNSDTESIASDRGAFSGPLGRPKRASKKNARFADDLPKRSSSVAGGRGDDDEYVEITLDIRDDSVAVHSVQQAAGGG 100
Bay-0 MKMRRGNSSNDHELGILRGANSDTN--------------------------NARFADDLPKRSNSVAGGRGDDDEYVEITLDIRDDSVAVHSVQQAAGGG
Col-0 MKMRRGNSSNDHELGILRGANSDTNSDTESIASDRGAFSGPLGRPKRASKKNARFADDLPKRSNSVAGGRGDDDEYVEITLDIRDDSVAVHSVQQAAGGG
      *************************                          ************.************************************

Lp2-6 GHLEDPELALLTKKTLESSLNNNTSLSFFRSTSSRIKNASRELRRVFSRRPSPAVRRFDRTSSAAIHALKGLKFIATKTAAWPAVDQRFDKLSADSNGLL 200
Bay-0 GHLEDPELALLTKKTLESSLNNTTSLSFFRSTSSRIKNA-------------------------------------------------------DSNGLL
Col-0 GHLEDPELALLTKKTLESSLNNTTSLSFFRSTSSRIKNASRELRRVFSRRPSPAVRRFDRTSSAAIHALKGLKFIATKTAAWPAVDQRFDKLSADSNGLL
      **********************.***************                                                        ******

Lp2-6 LSAKFWECLGKXITSYXAILLVLYVSIZZLVSFLFCFILXEXIRNLKTSLTSSLEHXLAGITSPAMQSQRNSLGYSGNRSQTKALMPNSKSFLTCKZFFT 300
Bay-0 LSAKFWECLGKXITSYXAILLVLYVSIFVLVSFLFCFLLXEXIRNLKTSLTSSLEH----XTSPAMQSQRNSLGYSGNRSQTKALMPNSKSFLTCKLFFT
Col-0 LSAKFWECLGKXITSYXAILLVLYVSIFVLVSFLFCFLLXEXIRNLKTSLTSSLEHXLAGITSPAMQSQRNSLGYSGNRSQTKALMPNSKSFLTCKLFFT
      ***************************  ********:******************     *********************************** ***

Lp2-6 YLHLTHNKYLTRNHYLSFNIDSXXKSNGHQNLRTKSNNINHLWSFGGFVTNKXHHCFVRVDKDEDGRVTEEEVAEVRKNTHHSIIIFFKYFIIFIZFLYL 400
Bay-0 YLHLTHNKYITRNHYLSFNIDSXXKLNGHQNLRTKSSNINHLWSFGGFVTNIXHHCLVRVDKDEDGRVTEEEVA--------SIIIFFKYFIIFIHFFYL
Col-0 YLHLTHNKYITRNHYLSFNIDSXXKLNGHQNLRTKSSNINHLWSFGGFVTNIXHHCLVRVDKDEDGRVTEEEVAEVRKHTHHSIIIFFKYFIIFIHFFYL
      *********:*************** **********.************** ****:*****************        **************:**

Lp2-6 IFIHIPGXIFFLLFYTLFLVDYFDNFVHAQIPTDFICXRLLLTSSIYXLHVNTTKWXXIDRVVVFVTLAXVINVSNTLAFVFXFVGNLLQIISLSASANK 500
Bay-0 IFIHIPGXIFFLLFYTLF--------LHAQIPTDFICXRLLLTSSIYXLHVNTTKWXXIDRVVVFVTLAXVINVSNTLAFVFXFVGNLLQIISLSASANK
Col-0 IFIHIPGXIFFLLFYTLFLVDYFDNFVHAQIPTDFICXRLLLTSSIYXLHVNTTKWXXIDRVVVFVTLAXVINVSNTLAFVFXFVGNLLQIISLSASANK
      ******************        :*************************************************************************  

       
Lp2-6 LSNIQKQAKEYAALIMEELDPDNAGFIMVRVVHFHPLNHTNGIMYVVNLTTLKILEKTWKNITFXKSLVVKIGSPXCFLVSNLLGHLELFTKPINKISTM 600
Bay-0 LSNIQKQAKEYAALIMEEL-------IMVRVVHFHPLNHTNGIMYVVNLTTLKILEKTWKNITFXKSLVVKIGSPXCFLISNLLGHLELFTKPINKISTM
Col-0 LSNIQKQAKEYAALIMEELDPDNAGFIMVRVVHFHPLNHTNGIMYVVNLTTLKILEKTWKNITFXKSLVVKIGSPXCFLISNLLGHLELFTKPINKISTM
      *******************       *****************************************************:********************

Lp2-6 GGXWLRYEEMTNKIVKYMNXQYNPSLESLRRLPIVYCFLIIGETYEKCFXEKQFGTLMFYCNVLVNYMIWTLVKQIENLEMLLLQAPNQSVRMGDSRILS 700
Bay-0 GGXWLRYEEMTNKIVKYMNXQYNPSLESLRRLPIVYCFLIIGETYEKCFXEKQFGTLMFYCNVLVNYMIWTLVKQIENLEMLLLQAPNQSVRMGDSRILS
Col-0 GGXWLRYEEMTNKIVKYMNXHYNPSLESLRRLPIVYCFLIIGETYEKCFXEKQFGTLMFYCNVLVNYMIWTLVKQIENLEMLLLQAPNQSVRMGDSRILS
      ********************:*******************************************************************************

Lp2-6 QMLSQKLRPAKESNPLLRWSEKIKYFILDNWQRLWIMMLWLGICGGLFTYKFIQYKNKAAYGVMGYCVCVAKGGAETLKFNMALILLPVCRNTITWLRNK 800
Bay-0 QMLSQKLRPAKESNPLVRWSE---YFILDNWQRLWIMMLWLGICGGLFTYKFIQYKNKAAYGVMGYCVCVAKGGAETLKFNMALILLPVCRNTITWLRNK
Col-0 QMLSQKLRPAKESNPLVRWSEKIKYFILDNWQRLWIMMLWLGICGGLFTYKFIQYKNKAAYGVMGYCVCVAKGGAETLKFNMALILLPVCRNTITWLRNK
      ****************:****   ****************************************************************************

Lp2-6 TKLGTVVPFDDSLNFHKVIASGIVVGVLLHAGAHLTCDFPRLIAADEDTYEPMEKYFGDQPTSYWWFVKGVEGWTGIVMVVLMAIAFTLATPWFRRNKLN 900
Bay-0 TKLGTVVPFDDSLNFHKVIASGIVVGVLLHAGAHLTCDFPRLIAADEDTYEPMEKYFGDQPTSYWWFVKGVEGWTGIVMVVLMAIAFTLA------NKLN
Col-0 TKLGTVVPFDDSLNFHKVIASGIVVGVLLHAGAHLTCDFPRLIAADEDTYEPMEKYFGDQPTSYWWFVKGVEGWTGIVMVVLMAIAFTLATPWFRRNKLN
      ******************************************************************************************      ****

Lp2-6 LPNFLKKLTGFNAFWYTHHLFIIVYALLVVHGIKLYLTKIWYQKTVLSSNLILSVLISYFLSFFRLITFLTCLYDSCRHGCILLYPSFYMHLRGCSVLSD 1000
Bay-0 LPNFLKKLTGFNAFWYTHHLFIIVYALLIVHGIKLYLTKIWYQKTVLSSNLILSVLISYFLSFFRLITFITCLYDSCRHGCILLYP------RGCSVLSD
Col-0 LPNFLKKLTGFNAFWYTHHLFIIVYALLIVHGIKLYLTKIWYQKTVLSSNLILSVLISYFLSFFRLITFITCLYDSCRHGCILLYPSFYMHRRGCSVLSD
      ****************************:****************************************:****************      ********
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Lp2-6 QASNRLRXSRSDIFLFISXKPYVSRNZSTNTFKPSYFIVLFDKSLKIAFELNLYICNNRWLFTPGTCCLYTXRSHKDSNTKVDSSCWXTAEPYLHSNGIL 1100
Bay-0 QASNRLRXSRSDIFLFISXKPYVSRNISTNTFKPSYFIVLFDKSLKIAFELNLYICNNRWLFTPGTCCLYTXRSHKDSNTKVD-----TAEPYLHSNGIL
Col-0 QASNRLRXSRSDIFLFISXKPYVSRNISTNTFKPSYFIVLFDKSLKIAFELNLYICNNRWLFTPGTCCLYTXRSHKDSNTKVDSSCWXTAEPYLHSNGIL
      ************************** ********************************************************     ************

Lp2-6 SQSHQLPETITXAYISALSVTGHVSSGPFSPRFANLLPPVKAVFSEQTEEMETSRSRRSLSTVHTVLPHKTTRNTTWFSSXVSALEPRLXSVSLRTSSTT 1200
Bay-0 SQSHQLPETITXAYISAHSVTGHVSSGPFSLRFANLLPPVKAVFSEQTEEMETSRSRRSLSTVHTVLPHKTTRNTTWYSSXVSALEPRLXSVSLRTSSTT
Col-0 SQSHQLPETITXAYISALSVTGHVSSGPFSPRFANLLPPVKAVFSEQTEEMETSRSRRSLSTVHTVLPHKTTRNTTWYSSXVSALEPRLXSVSLRTSSTT
      ***************** ************ **********************************************:**********************

Lp2-6 XKVLTATATLRTITVTTIVKGLRQGKLISTGXLGNKDHSSGSREXWTRFRSXTRKESSSFTIIARVCTRKVMQEWLSLPCFSRCNTLRTVWMLCRVHVSS 1300
Bay-0 XKVLTATATLRTITVTTIVKGLRQGKLISTGXLGNKDHSSGSREXWTRFRSXTRKESSSFTIIARVCTRKVMQEWLSLPCFSRCNTLRTVWMLCRVHVSS
Col-0 XKVLTATATLRTITVTTIVKGLRQGKLISTGXLGNKDHSSGSREXWTRFRSXTRKESSSFTIIARVCTRKVMQEWLSLPCFSRCNTLRTVWMLCRVHVSS
      ****************************************************************************************************

Lp2-6 PTSLNLTGDKSTRRSLFNIPAKEXVTNLDRXSRYVRDVVXXLIKXXIXTKYXYEFXLQESSTVECQEXXRNXKIXLWIFLERQLPSLTSTKRTSRLIIYV 1400
Bay-0 PTS-NLTGDKSTRRSLFNIPAKEXVTNLDRXSRYVRDVVXXLIKXXIXTKYXYEFXLQESSTVECQEXXRNXKIXLWIFLERQLPSLTSTKRTSRLIIYV
Col-0 PTSLNLTGDKSTRRSLFNIPAKEXVTNLDRXSRYVRDVVXXLIKXXIXTKYXYEFXLQESSTVECQEXXRNXKIXLWIFLERQLPSLTSTKRTSRLIIYV
      *** ************************************************************************************************

Lp2-6 VEKXNKKQLYKXIFILNSFZFYVKLSELSFFVLLYPYRFVGYFFTTXFNAKLSIRXXKFIXLQLWCCKHVIMELSVLLFCTYIRILTTKDSFDIQYPLLI 1500
Bay-0 VEKXNKKQLYKXIFILNSFHFYVKLSELSFFVLLYPYRFVGYFFTTXFNAKLSIRXXKFIXLQLWCCKHVIMELSVLLFCTYIRILTTKDSFDIQYPLLI
Col-0 VEKXNKKQLYKXIFILNSFHFYVKLSELSFFVLLYPYRFVGYFFTTXFNAKLSIRXXKFIXLQLWCCKHVIMELSVLLFCTYIRILTTKDSFDIQYPLLI
      ******************* ********************************************************************************

Lp2-6 XHNEXRYQHXIRLDYLLTNAFACLTCLYVINSVLLVKMTNNFXTQKHLISQLXLDXFSFSXVFLRLRLYLWVDTLFTTLICLALGVVXKTLKLCSXNIIK 1600
Bay-0 XHNEXRYQHXIRLDYLLTNAFACLTCLYVINSVLLVKMTNNFLTQKHLISQLXLDXFSFSXVFLRLRLYLWVDTLFTTLICLALGIVXKTLKLCSXNIIK
Col-0 XHNEXRYQHXIRLDYLLTNAFACLTCLYVINSVLLVKMTNNFLTQKHLISQLXLDXFSFSXVFLRLRLYLWVDTLFTTLICLALGIVXKTLKLCSXNIIK
      ****************************************** ******************************************:**************

Lp2-6 TXYKYQNNXIQLLSIIIRNNGYEWLSLFPXNGYEXLILFLRZTKSSKTNPTYYNLRKLTKFMVDCRIGRLSVKLRXRRRLMXSRPLGQPGEAXVCSCXXY 1700
Bay-0 TXYKYQNNXIQLLSIIIRNNRYEWLSLFPXNGYEXLILFLRXTKSSKTNPTYYNLRKLTKFMVDYRIGRLSVKLRXRRRLMXSRPLGQ-GEAXVCSCXXY
Col-0 TXYKYQNNXIQLLSIIIRNNRYEWLSLFPXNGYEXLILFLRXTKSSKTNPTYYNLRKLTKFMVDYRIGRLSVKLRXRRRLMXSRPLGQPGEAXVCSCXXY
      ******************** ******************** ********************** *********************** ***********

Lp2-6 NLSLAFFXKTFFXSSGSIMVGTSSVHGFDFXDKXDRIFLFFQQNSKIDKTYAAHFIVHLXACKTQGRVWSVMSRLNIITLYFIFHYFVHYLASNFLCISQ 1800
Bay-0 NLSLAFFXKTFFKSSGSIMVGTSSVHGFDFXDKXDRIFLFFQQNSKIDKTYAAHFIVHLXACKTQGRVWSVMSRLNIITLYFIFHYFVHYLASNFLCISQ
Col-0 NLSLAFFXKTFFKSSGSIMVGTSSVHGFDFXDKXDRIFLFFQQNSKIDKTYAAHFIVHLXACKTQGRVWSVMSRLNIITLYFIFHYFVHYLASNFLCISQ
      ************ ***************************************************************************************

Lp2-6 CINSYFSDVKITLLTHFKCSFTTXTCVSNWQSE 1833
Bay-0 CVNSYFSDVKITLLTHFKCSFTTXTCVSNWQSE
Col-0 CINSYFSDVKITLLTHFKCSFTTXTCVSNWQSE
      *:*******************************

Amino acid feature Position of 
feature Molecular function

calcium binding feature 361-372
calcium ion binding; oxidoreductase activity, 

acting on NAD(P)H, oxygen as acceptor; 
peroxidase activity

helical transmembrane-
spanning region

734-754, 873-894, 
914-934 integral component of cellular membrane

EF-hand domain 491-502, 508-530 calcium ion binding

Supplemental Figure 4.S5: Comparison of accession-specific differences in RbohD gene structure in 
Lp2-6, Bay-0, and Col-0. Gene sequence for RbohD (At5g47910; chr5:19397585-19402584 nucleotide) 
was obtained for the accessions using the Genome Browser from Salk Arabidopsis 1001 Genomes 
(http://signal.salk.edu/atg1001/3.0/gebrowser.php). The tracks used for the accessions were: Bay-0.
JGI, Lp2-6.SALK, and Col-0.MPI. Nucleotide and amino acid sequences were compared for multiple 
accessions using Clustal Omega (version 1.2.4; www.ebi.ac.uk/Tools/msa/clustalo). Information on 
features of the amino acid sequence was obtained from UniProt Knowledgebase (UniProtKB; www.
uniprot.org/uniprot/A0A178U7Y0).
(A) Comparison of single nucleotide polymorphisms (SNPs) in the RbohD locus in Lp2-6, Bay-0, and Col-
0. Red lines indicate adenine (A) SNPs, blue lines for cytosine (C) SNPs, green lines for guanine (G) SNPs, 
and black lines for thymine (T) SNPs. A black dash indicates a 1 bp deletion and grey areas indicate 
unsequenced regions. 
(B) Nucleotide comparison of RbohD in Lp2-6, Bay-0, and Col-0. Bases in capital letters correspond 
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to the exon region and bases in lower case letters correspond to the intron region. Dashed lines 
indicate unsequenced regions, but dashes highlighted in grey indicate missing bases. For comparison 
analyses, asterisks indicate a single conserved nucleotide across all three accessions, a colon 
indicates conservation between groups of strongly similar physicochemical properties, and a period 
indicates conservation between groups of weakly similar properties. Bases without symbols indicate 
low conservation between the accessions. SNPs are highlighted with colors based on their nucleotide 
base: A (red), C (blue), G (green), T (black).
(C) Comparison of amino acid substitutions in Lp2-6, Bay-0, and Col-0. Red lines indicate non-
synonymous amino acid substitution, where a nucleotide mutation alters the amino acid sequence of 
RbohD. Green lines indicate synonymous amino acid substitution, where the base substitution does not 
modify the amino acid sequence.
(D) Amino acid comparison of RbohD in Lp2-6, Bay-0, and Col-0. Amino acids are indicated with their 
1-letter code, but Z refers to an unknown amino acid possibly due to a deletion, and X refers to an 
amino acid that has become a stop codon. Non-synonymous amino acid substitutions are highlighted 
in red and synonymous in green. For comparison analyses, symbols are used as described above. 
The most important functional features of the amino acid sequences were highlighted in color at the 
positions described in the table.

      A                                                 B

Supplemental Figure 4.S6: Expression levels of MAPK6 after submergence.
(A) Normalized RPKM values of MAPK6 corrected for library size and composition in the Ribo-seq 
dataset at the control, 5 days of submergence (sub), and 3 hours of recovery (rec) time points. Bars = 
mean ± SE (n=2).
(B) Relative mRNA levels in MAPK6 measured by qRT-PCR during post-submergence recovery. Bars = 
mean ± SE (n=3). Different letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s 
multiple comparisons test). 

Supplemental Table 4.S1: Primers used for qRT-PCR in Chapter 4.

Gene ATG number Sequence (5’ → 3’)

RbohD At5g47910
foward: CCGGAGACGATTACCTGAGC

reverse: CGTCGATAAGGACCTTCGGG

MAPK6 At2g43790
foward: CGCCTCAGATGCCTGGGATT

reverse: ACGATGCCATAAGCACCCTTGC

Actin2 At3g18780
foward: TTCGTGGTGGTGAGTTTGTT

reverse: GCATCATCACAAGCATCCTAA
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Abstract

Plants recovering from submergence often display drought-associated symptoms 
despite excessive water in the soil. This so-called physiological drought is due to hypoxia-
damaged roots and reduced hydraulic conductivity for water and nutrient uptake. 
Dehydration can accelerate senescence, and hamper photosynthesis and post-
submergence recovery. The Arabidopsis accessions Bay-0 and Lp2-6 were observed 
to have contrasting dehydration and senescence responses during recovery as also 
supported by the Ribo-seq dataset. The sensitive Bay-0 accession desiccated within 3 
hours after de-submergence with more senescing leaves while the submergence tolerant 
Lp2-6 retained more water over time, thus contributing to maintenance of chlorophyll 
and faster leaf regrowth. Further characterization indicated that stomatal closure during 
the early recovery period observed in Lp2-6 was linked to restricted dehydration and leaf 
senescence. In contrast, the late stomatal closure in recovering Bay-0 plants, despite 
elevated ABA levels, was linked to the SENESCENCE ASSOCIATED GENE 113 (SAG113) 
gene that accelerated water loss in senescing leaves. In Bay-0, the increased activity of 
ORE1/NAC DOMAIN CONTAINING PROTEIN 6 (NAC6) and CHLOROPLAST VESICULATION 
(CV) is also linked to premature senescence. Accordingly, mutants for these genes 
showed improved recovery linked to higher chlorophyll content and lower stomatal 
aperture. In Lp2-6, stomatal closure and delayed senescence may be associated with 
induction of two GATA transcription factors (TFs) GATA, NITRATE-INDUCIBLE, CARBON-
METABOLISM INVOLVED (GNC) and GNC-LIKE/CYTOKININ-RESPONSIVE GATA FACTOR 
1 (GNL/CGA1), and disruption of GNC and GNL gene function hindered recovery. 
These results suggested that the regulation of stomatal aperture during recovery is 
important to offset dehydration and delay senescence. This is likely under control of 
a network of interacting hormones including ABA and the several TFs identified here.

Introduction 

Following floodwater recession and after restoration of contact of the shoot with air, the 
root environment still remains saturated with water for some time. Paradoxically, plants 
recovering from such a flooding event often show symptoms associated with dehydration 
stress, such as leaf rolling and wilting. These symptoms are linked to compromised root 
function due to hypoxia-mediated damage affecting water and nutrient uptake, which 
ultimately hampers recovery. Drought-like symptoms have been observed in rice plants 
upon recovery from submergence, including leaf rolling, bending, and wilting (Setter 
et al., 2010; Fukao et al., 2011; Alpuerto et al., 2016). Hydraulic conductivity of the leaf 
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sheath of rice plants have been shown to decrease significantly upon de-submergence 
due to low water conductivity in the xylem, thus preventing water transport to the shoot 
(Setter et al., 2010).

Reduced root hydraulics can cause the shoot to experience drought stress 
upon reoxygenation, despite excess water content in the soil. Hypoxic conditions are 
reported to reduce root water permeability or root hydraulic conductivity (Lpr) in several 
plant species (Shahzad et al., 2016), including maize (Ehlert et al., 2009), and Lupinus 
angustifolius L. (narrow-leafed lupin; Bramley et al., 2010). Lpr involves water absorption by 
changes in membrane permeability and is regulated by the activity of transmembrane 
aquaporin proteins (del Carmen Martinez-Ballesta et al., 2011; Vadez, 2014). Reduced 
Lpr in hypoxic roots of Arabidopsis was attributed to pH-dependent aquaporin gating 
upon hypoxia-induced cytoplasmic acidification (Roberts et al., 1984; Tournaire-Roux et 
al., 2003). 

Efficient water transport through the roots contributes to the water status of 
the shoot, but control of water loss through transpiration on the leaf surface is also vital. 
Relative water content (RWC), which measures the water level in the leaves, has been 
shown to decrease when plants are de-submerged. Young rice plants completely 
submerged for 3 days showed the most prominent RWC reduction to less than 85% 
within 2 hours of de-submergence (Alpuerto et al., 2016). However, since leaves were 
not severely desiccated and did not reach the lethal point of water loss, leaves returned 
to a 100% normal water status within 8 hours after de-submergence. Yet, prolonged 
submergence may cause more sublethal damage post-submergence. The youngest 
rice leaf subjected to 7 days of submergence showed a 50% drop in RWC within 1 hour 
of de-submergence, and RWC dropped even further 2 and 3 hours post-submergence 
(Fukao et al., 2011). This highlights the link between the sublethal time of submergence 
and the severity of the post-submergence desiccation stress damage.

Excessive transpiration is usually correlated with the inability to control stomatal 
aperture. Rates of carbon dioxide and water vapor passage through the stomata are 
influenced by the extent of stomatal opening. The dehydrating influence of reduced root 
function can be counterbalanced by stomatal closure and is a common, early response 
to waterlogging. During submergence, stomata may be closed to maintain leaf turgor 
or because potassium uptake and transport to the leaves decreased during flooding 
(Zhang and Davies, 1986). Yet in species with leaf gas films, stomata may be partly 
opened for oxygen diffusion across the stomata into the leaf (Colmer and Pedersen, 2008; 
Verboven et al., 2014). M202 rice plants showed reduced stomatal conductance after 3 
days of submergence, but 2 hours after de-submergence, stomatal conductance and 
the transpiration rate dropped even further (Alpuerto et al., 2016). Although stomatal 
conductance recovered within 24 hours in the submergence-intolerant rice, prolonged 
stomatal closure limits CO2 gas exchange leading to dampened photosynthesis. Both 
limited water uptake by the roots and lack of CO2 influx hinders photosynthesis, as both 
water and CO2 are starting components required in the initial light reaction step of 

5



124

Chapter 5

photosynthesis. There must be an optimal balance between the synthesis of chemical 
energy through photosynthesis and the transpiration of water post-submergence. 

Control of stomatal closure in the guard cells is known to be mediated through 
the phytohormone abscisic acid (ABA). In some plants, such as Pisum sativum L. (pea; 
Zhang and Zhang, 1994), ABA accumulates under water stress (both drought and 
submergence) and regulates the expression of dehydration-responsive genes (Umezawa 
et al., 2010). Although endogenous ABA levels rapidly decrease upon submergence in 
other species, including deepwater rice (Hoffmann-Benning and Kende, 1992) and Rumex 
palustris (Benschop et al., 2005), ABA levels may be replenished post-submergence. ABA 
signaling involves three major components: an ABA receptor PYR/PYL/RCAR (Regulatory 
Components of ABA-receptor/Pyrabactin resistant Protein/PYR-like proteins), a negative 
regulator type 2C protein phosphatase (PP2C), and a positive regulator Sucrose-Non-
Fermenting Kinase 1-related protein kinase 2 (SnRK2) (Cutler et al., 2010). ABA binds to 
the receptor that interacts with PP2Cs and form a triplex with SnRK2. This results in the 
phosphorylation of SnRK normally inhibited by PP2C, thus triggering ABA signaling. ABA 
accumulation in the guard cell cytoplasm and apoplast triggers a signaling cascade 
initially through increase of cytosolic calcium and subsequent activation of S-type (slow-
activating sustained channels; SLAC) and R-type (rapid transient) anion channels in the 
plasma membrane (Roelfsema et al., 2012). Anion release from guard cells (mainly from 
the vacuole), and consequent membrane depolarization activates the K+ outward 
rectifying channel and the release of K+ ions. This contributes to the loss of guard cell 
turgor, and ultimately stomatal closure (MacRobbie, 1998). ROS can also function as 
secondary messengers triggered by ABA for stomatal closure probably through the 
mitogen-activated protein kinase (MAPK) cascade genes highly expressed in guard 
cells (Watkins et al., 2014; Mittler and Blumwald, 2015; Xia et al., 2015). 

The regulatory mechanisms underlying dehydration stress responses during post-
submergence conditions have not been extensively explored. ABA was implicated in 
the regulation of post-submergence dehydration in rice containing the SUBMERGENCE 
1A (SUB1A) gene, through SUB1A -mediated mRNA accumulation of genes associated 
with dehydration tolerance, namely ALCOHOL DEHYDROGENASE1 (ADH1), RESPONSIVE 
TO ABSCISIC ACID16A (RAB16A), LATE EMBRYOGENESIS ABUNDANT3 (LEA3), and the salt 
stress-induced protein SaLT (Fukao et al., 2011). In Arabidopsis seedlings recovering from 
anoxia, ethylene was suggested to inhibit ABA signaling during reoxygenation (Tsai et 
al., 2014). Yet, ethylene activated ABA-independent dehydration regulators, mainly 
the DEHYDRATION-RESPONSIVE ELEMENT-BINDING (DREB) transcription factors. Hence, 
dehydration responses can still occur through ABA-independent regulators. Arabidopsis 
overexpressing the Helianthus annuus L. (sunflower) transcription factor HaWRKY76 
restricted water loss upon de-submergence through induction of stomatal closure and 
higher cell membrane stability, but this also occurred through an ABA-independent 
mechanism (Raineri et al., 2015). 

Prolonged submergence triggers senescence, as observed in rice and 
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Arabidopsis (Fukao et al., 2006; Lee et al., 2011b; Vashisht et al., 2011). Yet, post-
submergence water deficit can also accelerate leaf senescence in submergence-
intolerant rice plants (Krishnan et al., 1999). Senescence typically occurs in the last 
cycle of leaf development, in which leaf nitrogen, carbon, and nutrient content are 
transported to younger plant organs for further development (Noodén and Leopold, 
1988). Yet, early onset of senescence was observed during water deficit in pea (Pisum 
sativum L. cv Messire), linked to degradation of the photosynthetic apparatus and 
decrease in chlorophyll A/B binding (CAB) protein abundance (Pic et al., 2002). The 
phytohormone cytokinin can delay post-submergence senescence, as observed in 
Arabidopsis SAG12:ipt mutants with increased cytokinin biosynthesis (Huynh et al., 2005). 
Creeping bentgrass (Agrostis stolonifera) sprayed with cytokinin after submergence also 
maintained higher chlorophyll content (Liu and Jiang, 2016). SUB1A rice had delayed 
leaf senescence under prolonged darkness, suggesting that this gene could also restrict 
senescence during post-submergence recovery (Fukao et al., 2012). 

Based on the observations of post-submergence stress responses, desiccation 
stress and associated senescence may be a secondary effect of post-submergence 
injury. Desiccation and chlorosis was observed following de-submergence in the 
submergence-intolerant Arabidopsis accession Bay-0 and the submergence tolerant 
Lp2-6, as depicted in Chapter 2. Dehydration occurred faster and resulted in death of 
older leaves in the intolerant accession. Accordingly, Ribosome-sequencing (Ribo-seq) 
in Chapter 3 revealed a stronger induction of gene clusters related to dehydration and 
senescence in this accession. Here we further investigated dehydration stress occurring 
during recovery in the two accessions and explored possible underlying regulatory 
mechanisms. The results revealed delayed senescence and lower desiccation stress in 
the tolerant accession Lp2-6. The better hydration status of Lp2-6 correlated with early 
stomatal closure that could counteract dehydration during recovery. Characterization 
of mutants of several candidate genes identified molecular components and a possible 
role for ABA in regulating stomatal aperture, dehydration and senescence during 
recovery after submergence. 

Materials and Methods

Plant growth conditions and submergence treatment 
The Arabidopsis thaliana accessions Bay-0 and Lp2-6 were grown as described in 
Chapter 2 in a short day climate chamber (9 h photoperiod, 20°C, 180 µmol m-2 s-1 
photosynthetically active radiation (PAR), and a 70% relative humidity). When plants 
reached the 10-leaf stage, similarly sized plants were submerged 2 h after the start of 
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the photoperiod for 5 d in the dark, as previously described. After de-submergence, 
experiments were performed at the specified time points of recovery. 

Arabidopsis transgenic lines were obtained from the Nottingham Arabidopsis 
Stock Centre (NASC) or generously provided by the mentioned individuals. Transgenic 
seeds were grown exactly as described for Bay-0 and Lp2-6. The ABA-deficient mutant 
aba2-1 (N156, At1g52340) and sag113 (SALK_142672C, At5g59220) containing a T-DNA 
insertion were obtained from NASC. gnc (SALK_001778, At5g56860) and gnl (SALK_003995, 
At4g26150) T-DNA insertion lines were provided by Claus Schwechheimer (Technische 
Universität München, Germany). ore1 (SALK_090154, At5g39610) containing a T-DNA 
insertional mutation was provided by Xin Zhou (Fudan University, China). The B1-amiR-CV 
line (At2g25625) was received from Eduardo Blumwald (University of California, Davis, 
USA). This silenced line of CV (amiR-CV) was constructed through artificial microRNA 
targeting CV as described in Wang and Blumwald (2014). These mutants are all in the 
Col-0 wildtype background, so Col-0 was used as a comparison for submergence 
experiments. The aba2-1 mutant was submerged for 3 days in the dark; sag113, ore1, 
gnc, gnl, and B1-amiR-CV were submerged for 4 days in the dark. Post-submergence 
time points were followed up to 5 days after de-submergence.

Relative water content 
Relative water content was measured from 4 intermediate leaves (leaves 4, 5, 6, and 7, 
counting from the oldest leaf) per rosette for each biological replicate. If leaves were 
still wet after de-submergence, they were gently blotted with a paper towel. Leaves 
were detached from the base of the petiole and measured on an analytical balance 
(Sartorius BP221S, Göttingen, Germany) to determine the fresh weight. Leaves were then 
saturated in 1.5 mL of deionized water in a 1.5 mL microcentrifuge tube for 24 h, ensuring 
that all leaves were fully submerged. The saturated weight was measured after gently 
blotting the leaves of excess water. The leaves were dried in an 80°C oven for 2 d before 
measuring the dry weight. Relative water content was calculated using the following 
formula from Barrs and Weatherleyt (1962): 
[(fresh weight – dry weight) / (saturated weight – dry weight)] × 100.
 

Water loss rate determination
For rapid dehydration assays, the entire 10-leaf stage rosette was excised at the 
hypocotyl-shoot junction. The rosette was placed on a 6 cm plastic Petri dish and 
weighed on an analytical balance (Sartorius BP221S, Göttingen, Germany) every hour 
up to 8 h after cutting. Detached rosettes were placed in a controlled environment with 
ambient room temperature (22.3°C) and humidity (about 63%) and average light levels 
of 12 µmol m-2 s-1 PAR. Water loss rate was estimated as the percentage of fresh weight 
relative to the initial fresh weight of the rosettes after excision.
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Drought treatment in coco pellets
50 mm Jiffy-7 coco pellets (Jiffy Group, Kristiansand, Norway) were swelled with 
Arabidopsis nutrient solution (components described in Chapter 2) until the pellet was 
fully expanded. 2-leaf stage Arabidopsis seedlings were transplanted into each pellet 
and placed in a tray. A glass cover over the tray maintained high humidity for 3 d. 
Homogeneous plants at the 8-leaf stage were selected for the drought treatment. 
Watering was withheld for 14 d, after which the shoot was excised at the shoot-hypocotyl 
junction and weighed on an analytical balance (Sartorius BP221S, Göttingen, Germany).

Stomatal conductance measurements
A SC-1 Leaf Porometer measured stomatal conductance in intermediate leaves 
(Decagon Devices, Inc., Pullman, USA). The porometer was first equilibrated to ambient 
temperature in the climate chamber (20ºC), and the sensor was calibrated with a wet 
filter paper at least 3 times before used. Measurements were made on the abaxial side 
of the leaf. If leaves were still wet after de-submergence, they were gently blotted with 
a paper towel. The porometer was set to thermal equilibrium in between every reading. 

Stomatal imprints
The adaxial sides of individual leaves were imprinted using a silicone-based dental 
impression kit (Coltène/Whaledent PRESIDENT light body ISO 4823, Type 3, low consistency; 
Altstätten, Switzerland). Equal amounts of green base and white catalyst were mixed in a 
small 6 cm petri dish. Leaves were gently pressed onto the silicone mixture and removed 
after the paste solidified after a few minutes. A thin layer of transparent nail polish was 
brushed onto the impression and air-dried for 15 min. The nail polish impression was lifted 
from the hardened paste and placed on a microscope slide. A cover slip was placed 
over the leaf imprint, sealed with dental wax. Stomata were viewed on an Olympus 
BX50 WI microscope (Tokyo, Japan) with a camera and AnalySIS-D software using 
20× and 40× water-immersion objectives. Stomatal quantity was counted for various 
sections of the leaf to determine density within a total area (mm2). Stomatal aperture 
was measured for its length and width. The aperture was reported as the width of the 
opening divided by the length and classified based on the following criteria: opened 
stomata have width/length values at least 0.25, partially opened stomata have values 
between 0.1 - 0.25, while closed stomata have values of 0 - 0.10. Stomatal measurement 
after 5 d of submergence (0 h) was excluded since the mechanical stress of blotting wet 
leaves forced stomata to open in Lp2-6.

Effects of ABA on stomatal aperture using epidermal peels
2 h after the start of the light period, epidermal peels were obtained from intermediate 
leaves of 10-leaf stage rosettes. Leaves were separated from the base of the petiole 
and air-dried briefly for 5 min to allow for easier separation of the epidermal peel. The 
adaxial side of the leaf was placed on the sticky side of a piece of transparent tape 
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with gentle tapping. With a tweezer, the petiole was ripped towards the leaf to obtain 
a transparent epidermal peel of the abaxial side of the leaf. The epidermal peel was 
placed in 1.5 mL of stomata opening buffer in a 16-well cell culture plate for 3 h under 
high light intensity (~180 µmol m-2 s-1 PAR). The opening buffer contains potassium to 
open all stomata (50 mM KCl + 10 mM MES, pH 6.15 with KOH). The effectiveness of 
the opening buffer was observed on an Olympus BX50 WI microscope (Tokyo, Japan) 
before proceeding with the next step. Epidermal peels were then transferred to a new 
24-well cell culture plate (Greiner Bio-One, Kremsmünster, Austria) containing 1.5 mL of 
stomata closing buffer [2.5 μM CaCl2 + 10 mM MES (pH 6.15 with NaOH)] containing 50 
or 100 μM of ABA ((±)-abscisic acid; Sigma-Aldrich, St. Louis, USA) or no ABA (0 μM). The 
epidermal peels were incubated for another hour in high light. Epidermal peels were 
then placed on a microscope slide suspended in buffer and covered with a cover slip. 
Stomatal aperture was measured at 40× magnification on the microscope. 

ABA extraction and quantification
For ABA quantification, 60 to 100 mg of intermediate leaves were harvested at 0 h, 
1 h, 3 h, 6 h, 1 d, and 3 d after de-submergence. Control intermediate leaves were 
harvested at the same time points 0 h, 1 h, 3 h, 6 h (starting from 2 h after the start 
of the light photoperiod). Tissue was frozen in liquid N2 and ground to a fine powder 
using a cryogenic grinder (Retsch, Haan, Germany). ABA was extracted as described 
in Scala et al. (2013). For the first round of extractions, samples were homogenized in 1 
mL of ice-cold ethylacetate containing D6-ABA (25 ng/mL) as an internal standard for 
extraction efficiency. The samples were ground with a tissue homogenizer (1/30 sec 
frequency for 1 min), and centrifuged at max speed at 4°C for 20 min. Approximately 
1 mL of the supernatant was transferred to a 2 mL GenoGrinder tube. The tissue was 
subjected to a second round of extraction with 0.5 mL ethylacetate without internal 
standard, ground using the tissue homogenizer, and centrifuged at max speed at 4°C 
for 20 min. Approximately 0.5 mL of the supernatant was pooled with the previously 
extracted supernatant in the GenoGrinder tube. Ethylacetate was evaporated from 
the samples using a SpeedVac vacuum concentrator for 60 min. The dried samples 
were dissolved in 0.25 mL of 70% LCMS-grade MeOH and vortexed for 5 min. Samples 
were then centrifuged for at max speed at 4°C for 10 min. 100 µL of the supernatant was 
transferred to a HPLC vial with a limited volume insert and capped. ABA was quantified 
by liquid chromatography-mass spectrometry (LC-MS) on a Varian 320 Triple Quad LC/
MS/MS. 10 µL of each sample was injected onto a C18 Pursuit column (5 µm, 50 mm × 
2 mm) (Varian, Palo Alto, USA). Parent ions [M-H]- at m/z 263 and 269 generated from 
endogenous ABA and the internal standards respectively were fragmented under 9 V 
collision energy. The ratios of ion intensities of the daughter ion of endogenous ABA 
(m/z 153) and the internal ABA standard (m/z 159) were used to quantify endogenous 
ABA content. This was calculated by comparing the peak surface area of the daughter 
ion peak with the internal standard curve. ABA content (ng/g FW) was calculated by 
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the following equation: (peak area / peak area of internal standard) × (concentration 
of internal standard / sample fresh weight), where the concentration of the internal 
standard is 25 ng and the fresh weight is measured in grams.

ABA antagonist (AA1) application on de-submerged plants
Bay-0 plants were sprayed with an antagonist of ABA receptors, ABA antagonist 1 
(AA1) as described in (Ye et al., 2017). AA1 (C18H23N5OS2, product ID: F0544-0152) was 
synthesized by Life Chemicals Inc. (Niagara-on-the-Lake, Canada). The chemical 
was dissolved in dimethyl sulfoxide (DMSO) to a 10 mM stock, and diluted to a 100 µM 
working concentration. Bay-0 plants were sprayed with 400 µL of 100 µM AA1 containing 
0.1% DMSO immediately upon de-submergence using a spray bottle distributing a 
200 µL volume for each squirt. Control plants were also sprayed with a mock solution 
containing only 0.1% DMSO. Plants were sprayed again with 200 µL of AA1 30 min and 1 
h after the first application at an equal distance from the plant, ensuring that the entire 
rosette was sprayed.

ABA application on de-submerged plants
Lp2-6 plants were sprayed with 400 µL of 60 or 100 μM of ABA ((±)-abscisic acid; Sigma-
Aldrich, St. Louis, USA) containing 0.1% Tween-20 immediately upon de-submergence 
using a spray bottle distributing a 200 µL volume for each squirt. Control plants were also 
sprayed with a mock solution containing only 0.1% Tween-20. Plants were sprayed again 
with 200 µL of ABA 30 min and 1 h after the first application.

Chlorophyll measurements
The whole rosette of the plant was excised at the shoot-hypocotyl junction and chlorophyll 
was removed with 1 mL of 100% DMSO in a 2 mL microcentrifuge tube. The samples were 
incubated for 30 min in the dark in a 65°C shaking water bath. Samples were cooled at 
room temperature in the dark for 30 min. 200 µL of the extract was pipetted into a 96-
well clear microplate. The absorbance was measured with a spectrophotometer plate 
reader at wavelengths of 664, 647, and 750 nm. Remaining extract was removed from 
the microcentrifuge tube and rosettes were dried in the opened microcentrifuge tube 
in a 70°C oven for 2 d before measuring the dry weight on a digital scale. Chlorophyll 
a and b concentrations in the extract were calculated by equations from Porra et al. 
(1989), normalized by dry weight:
Chla = [13.71 × (A664 – A750)] – [2.85 × (A647 – A750)] 
Chlb = [22.39 × (A647 – A750)] – [5.42 × (A664 – A750)].

RNA extraction and quantitative real-time qPCR
Total RNA was extracted from intermediate leaves following the protocol of the RNeasy 
mini kit (Qiagen, Hilden, Germany). Single-stranded cDNA was synthesized from 1 µg 
RNA in a two-step reaction. Initial denaturation at 65ºC for 5 min was started with 50 µM 
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random hexamer primers (Invitrogen, Waltham, USA). In the second step, 5× buffer, 10 
mM dNTPs (Fermentas, Waltham, USA), 20 U RiboLock RNase inhibitor (Fermentas), and 
100 U RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific, Waltham, USA) 
were added, and the second step of the PCR program was programmed as: annealing 
at 25ºC for 10 min, cDNA synthesis at 42ºC for 60 min, and inactivation at 70ºC for 10 min. 
qRT-PCR was performed on Applied Biosystems ViiA 7 Real-Time PCR System (Thermo 
Fisher Scientific) with a 5 µL reaction mixture containing 2.5 µL 2× SYBR Green MasterMix 
(Bio-Rad, Hercules, USA), 0.25 µL of each 10 µM forward and reverse primer, 1.75 µL 
H2O, and 0.25 µL 1/5× diluted cDNA. Relative transcript abundance was calculated 
by the comparative CT method (Livak and Schmittgen, 2001). Actin2 was used as a 
normalization control.

Survival rate determination
Survival rates were calculated for the number of plants in the total plant population that 
continued to produce new leaves 3 weeks after de-submergence.

Statistical Analyses
One- or two-way ANOVA or an unpaired t-test followed by a comparison test were 
performed using GraphPad Prism 6 software (GraphPad Software, La Jolla, USA). Data 
was considered statistically significant at p < 0.05. 

Results

Ribo-seq revealed GO terms related to desiccation stress, ABA, and senescence
Gene Ontology (GO) enrichment of the Ribo-seq dataset highlighted biological 
categories involved with dehydration, ABA, and senescence in the two Arabidopsis 
accessions Bay-0 and Lp2-6 (Figure 5.1). Correlating with the higher number of 
differentially expressed genes (DEGs) in the intolerant accession (Figure 3.3A), the GO 
categories reflected extensive changes in transcript abundance in Bay-0 while Lp2-6 
had lower degree of gene regulation. Several genes in these clusters showed strong 
accessions specific effects across the three comparisons: “submergence comparison,” 
“recovery comparison,” and the “combined response.” These included: WRKY 
and NAC transcription factors and an ABA-induced protein phosphatases type 2C 
(PP2C) gene, also known as SENESCENCE ASSOCIATED GENE 113 (SAG113) in the GO 
category “response to water deprivation” (Figure 5.1A) and in the “response to ABA” 
GO category (Figure 5.1B), and a NAC6 transcription factor/ORE1 known to positively 
regulate cell death and senescence in leaves (Qiu et al., 2015). SAG113 also appeared 
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Figure 5.1: Heatmaps of genes in GO categories related to desiccation, ABA, and senescence 
presented in the common and contrasting fuzzy-k plots for (A) “response to water deprivation,” (B) 
“response to abscisic acid,” (C) “leaf senescence,” and (D) “response to cytokinin.” Only DEGs (Padj 

value < 0.05) that shows a strong differential regulation between Bay-0 and Lp2-6 in the “submergence 
comparison” and/or “combined response” (accession-specific genes) are presented. Log2FC values 
are represented by intensity of the color scale with downregulated genes indicated by a cyan color 
and upregulated genes indicated by a yellow color under “submergence comparison,” “recovery 
comparison,” and the “combined response” (as defined in Figure 3.1).

C

D
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in the “response to ABA category, along with a MAP kinase gene, indicating that 
dehydration responses identified here may be mediated by ABA. ORE1 and SAG113 
were also part of the “leaf senescence” GO category, which also included two other 
NAC transcription factors (Figure 5.1C). There was also a stronger downregulation of 
genes in Bay-0 responsive to the senescence-retarding hormone cytokinin (“response to 
cytokinin”) linking to the observed earlier onset of senescence during recovery in Bay-0 
compared to Lp2-6 (Figure 5.1D). 

Bay-0 experiences more dehydration stress following de-submergence 
Although gene induction relating to dehydration, ABA, and senescence GO categories 
occurred during both submergence and recovery following submergence (combined 
response), visual observations of the desiccation stress symptoms were observed 
in intermediate and older leaves during recovery (Figure 2.1B). To quantitate post-
submergence dehydration, relative water content (RWC) was measured in intermediate 
leaves (Figure 5.2A) of both accessions following de-submergence. At 3 hours after de-
submergence, Bay-0 had a significant drop in water content compared to Lp2-6. Within 
1 day of recovery, RWC dropped to less than 50% in Bay-0. Although RWC in Lp2-6 also 
dropped at 3 hours of recovery, it maintained a much higher water status compared 
to Bay-0. Next, leaf water loss was assessed in detached de-submerged shoots over a 
6-hour period. The results showed a steep increase in water loss from detached shoots of 
both accessions in the first hour after separation from the root (Figure 5.2B). Yet, the rate 
of water loss in Lp2-6 was significantly lower at all subsequent time points. 
 The shoot detachment assay was also repeated under control conditions to 
assess the inherent water maintenance capacity of the two accessions (Figure 5.2C). 
By 2 hours after detachment from the root, Bay-0 rosettes had higher water loss than 
Lp2-6, and by 3 hours Bay-0 had lost about 50% of its initial water content. Although Lp2-
6 also lost water over time, it maintained a higher water status than Bay-0, indicating 
a better ability to avoid short-term water loss. The performance of the two accessions 
to prolonged soil drying was then assessed. Watering was withheld for 14 days in Bay-0 
and Lp2-6 grown under control air and light conditions (Figure 5.3D). At the end of this 
drought treatment, Lp2-6 had a small but significantly higher shoot biomass than Bay-
0, and less visible dehydration symptoms. Taken together, Lp2-6 appeared to be more 
resistant to dehydration stress by maintaining a better shoot water status.

Control of water loss is mediated through regulation of stomatal aperture
The rate of water loss is closely linked to stomatal conductance. We next investigated 
if the observed differences in dehydration responses between Bay-0 and Lp2-6 may 
be based on differential stomatal responses and traits. First, stomatal conductance, 
indicating the rate of carbon dioxide (CO2) entry and water loss through the stomata, 
was measured in intermediate leaves of both accessions following de-submergence. 
Higher values in Bay-0 intermediate leaves during 2 and 4 hours post-submergence 
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Figure 5.2: Bay-0 is more susceptible to dehydration. 
(A) Relative water content (RWC) in intermediate leaves of Bay-0 and Lp2-6 after de-submergence. 
RWC was also measured on intermediate leaves of plants before the start of the submergence 
treatment (pre-sub). Bars = mean ± SE (n=15). Different letters represent significant difference (p<0.05, 
two-way ANOVA with Tukey’s multiple comparisons test).  
(B) Hourly water loss from 10-leaf stage rosettes after excision from roots immediately upon de-
submergence (0 hour). Water loss is calculated based on the initial fresh weight. Points = mean ± SE 
(n=30). Asterisks represent a significant difference between the accessions at the specified time point 
(p<0.05, two-way ANOVA with Tukey’s multiple comparisons test).  
(C) Hourly water loss from excised 10-leaf stage rosettes after excision from roots based on the initial 
fresh weight. Points = mean ± SE (n=40). 
(D) Fresh weight of Bay-0 and Lp2-6 shoots after 14 days of withholding watering in 8-leaf stage 
Arabidopsis grown under normal conditions. Bars = mean ± SE (n=15). The asterisk represents a significant 
difference between the accessions (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test). 

C                                                      D

A                                                      B

reflected possibly more open stomata allowing higher rates of gas entry and exit (Figure 
5.3A). Next, since stomatal conductance is a function of stomatal density, aperture, 
and size, these traits were determined in intermediate leaves with epidermal impressions 
(Figure 5.3B). The size of the stomata did not differ greatly between the two accessions, 
with sizes ranging from 8.3 to 10.1 μm (Supplemental Figure 5.S1A). Stomatal density 
was similar across all time points, although Lp2-6 had slightly, but not significantly, more 
stomata per mm2 area at 5 days post-submergence compared to the 10-leaf stage 
de-submerged rosettes (Supplemental Figure 5.S1B). At 1 hour after de-submergence, 
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stomata were mostly partially opened in both accessions, but Bay-0 had significantly 
higher stomatal aperture values at 3 hours and 6 hours after de-submergence. By 5 
days of recovery, stomata were open again in both accessions. Thus the higher water 
loss in Bay-0 within 3 hours after de-submergence correlated with more open stomata. 

Bay-0 and Lp2-6 show differential ABA responses 
Stomatal aperture is likely under ABA control, also supported by the appearance of the 
“response to ABA” GO category (Figure 5.1B). Strong ABA signatures were also identified 
from the HORMONOMETER tool (Supplemental Figure 3.S5), particularly in Bay-0 under 
the recovery comparison. Hence, we hypothesized that ABA might regulate post-
submergence dehydration responses with differences in ABA concentration or sensitivity 
underlying the differential stomatal regulation in the two accessions during recovery. 
 An epidermal peel method was used to assess ABA sensitivity in the two 
accessions. Abaxial epidermal peels from air-grown plants of both accessions were 
incubated in 50 or 100 µM ABA to examine the effect of exogenous ABA on the stomatal 
aperture in non-submerged plants (Figure 5.4A). All stomata were open without ABA 
addition (0 µM ABA). Lp2-6 was more hypersensitive to ABA, with smaller stomatal 
apertures under both 50 and 100 µM ABA compared to Bay-0. The number of partially 
open stomata in both accessions was similar at 50 µM ABA, but Bay-0 had more fully 
open stomata (Supplemental Figure 5.S2). At 100 µM ABA, the smaller stomatal aperture 
in Lp2-6 reflected a closed status while most Bay-0 stomata remained partially opened 
(Figure 5.4B). 

A                                                      B

Figure 5.3: Stomata open earlier in Bay-0 after de-submergence.  
(A) Stomatal conductance of intermediate leaves of 10-leaf stage Bay-0 and Lp2-6 plants measured 
with a leaf porometer. Bars = mean ± SE (n=4-13). Different letters represent significant difference 
(p<0.05, two-way ANOVA with Tukey’s multiple comparisons test).  
(B) Stomatal width aperture (based on ratio of width/length) measured using stomatal imprints on 
the adaxial side of intermediate leaves of Bay-0 and Lp2-6 plants at several recovery time points. 
Points = mean ± SE (n=85-227). Asterisks indicate significant differences between Bay-0 and Lp2-6 at the 
specified time points (p<0.05, two-way ANOVA with Sidak’s multiple comparisons test). 
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Figure 5.4: ABA might regulate stomatal responses during recovery. 
(A) Stomatal aperture (based on ratio of width/length) measured on epidermal peels from Bay-0 and 
Lp2-6 intermediate leaves incubated in 0 µM, 50 µM, and 100 µM ABA. Bars = mean ± SE (n=180). Different 
letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test).   
(B) Representative images of stomata in epidermal peels of Bay-0 and Lp2-6 intermediate leaves 
incubated with 0 µM, 50 µM, or 100 µM ABA under 40× magnification. The scale bar represents 25 µm length. 
(C) ABA quantification in intermediate leaves of Bay-0 and Lp2-6 plants. Leaves were harvested from 
plants recovering from 5 days of complete submergence and corresponding air controls. Bars = mean 
± SE (n=3). There are no statistically significant differences in ABA levels between the two accessions 
(p<0.05, two-way ANOVA with Tukey’s multiple comparisons test).

C          
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 To determine if differences in ABA content contributed to the contrasting 
stomatal aperture response in Bay-0 and Lp2-6, ABA levels were measured in de-
submerged intermediate leaves and the corresponding circadian light time points 
(Figure 5.4C). Under normal growth conditions, ABA levels were very low. Although ABA 
content was not significantly different in either accession due to high measurement 
variations, average ABA content in Bay-0 appeared to be higher after 5 days of 
submergence (0 hour of de-submergence) and at all subsequent recovery time points 
up to 3 days of recovery. Although ABA content in Lp2-6 increased steadily within the 
first 6 hours of recovery, the levels were not as high as that of Bay-0.
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Stomatal closure in Bay-0 may be inhibited through the ABA-inducible SAG113 gene
We next investigated why Bay-0 has a high number of open stomata during the early 
recovery period despite high ABA content. One explanation for this paradox may be the 
high induction of the gene SENESCENCE ASSOCIATED GENE 113 (SAG113; At5g59220) in 
Bay-0, which appeared in the GO term for “response to water deprivation,” “response 
to ABA,” and “leaf senescence” (Figure 5.1). SAG113 is an ABA-inducible protein 
phosphatase 2C implicated in the inhibition of stomatal closure to accelerate water loss 
and senescence in Arabidopsis leaves (Zhang et al., 2012). Ribo-seq revealed increased 
SAG113 ribosome-associated transcript abundance in Bay-0 under submergence 
(given as RPKM: Reads Per Kilobase of transcript per Million mapped reads) (Figure 
5.5A). SAG113 had a much higher increase at 3 hours after de-submergence, while this 
gene was not induced in Lp2-6. This corresponded with identification of SAG113 as an 
accession-specific gene in both the “submergence comparison” and the “combined 
effect comparison” (recovery following submergence) in the Ribo-seq analyses (Figure 
3.1). The relative mRNA abundance of SAG113 was also much higher in Bay-0 at 3 hour 
after de-submergence (Figure 5.5B). Evaluation of a sag113 knockout mutant revealed 
improved post-submergence recovery compared with the Col-0 wildtype after 4 days 
of submergence (Figure 5.5C). As expected, leaf dehydration was delayed, most likely 
because most stomata were closed in the mutants (Figure 5.5D). 

In further support of the hypothesis that ABA accelerates water loss and 
senescence in Bay-0 leaves, it was investigated whether inhibition of ABA signaling 
would improve recovery. A chemical inhibitor for ABA signaling targeting all 13 members 
of the PYR/PYL/RCAR ABA receptor family was recently identified (Ye et al., 2017). 
This ABA antagonist 1 (AA1) was sprayed onto Bay-0 plants in the first hour after de-
submergence. AA1-sprayed Bay-0 plants showed better recovery compared to mock-
sprayed plants (Figure 5.6A). Inhibiting ABA signaling seemed to restrict chlorosis of 
the rosette, as indicated by higher chlorophyll content in AA1-sprayed plants (Figure 
5.6B). Lesser visible dehydration in AA1-sprayed plants correlated with a reduction of 
stomatal aperture in these plants, indicating stomatal closure at 3 and 6 hours after de-
submergence (Figure 5.6C).
 Following the same logic that inhibition of ABA action would improve Bay-
0 recovery, it was expected that ABA application would worsen recovery in Lp2-
6. However, exogenous ABA application (60 and 100 µM) had no effects on the 
phenotype of Lp2-6 plants and stomatal aperture during recovery. All stomata 
remained closed with or without ABA application (Supplemental Figure 5.S4). The 
effect of ABA is likely dependent on the leaf physiological status. Senescence 
processes might already be triggered in Bay-0 leaves during prolonged submergence. 
The strong induction of SAG113 during recovery and the associated water loss likely
accelerates the senescence process. Indeed, the Ribo-seq data revealed a stronger 
upregulation of senescence-associated genes in Bay-0 already during submergence 
(Figure 5.1C). 
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Figure 5.5: Induction of the SENESCENCE ASSOCIATED GENE 113 (SAG113) in Bay-0 during recovery 
prevents stomatal closure.
(A) Normalized RPKM values for SAG113 corrected for library size and composition in the Ribo-seq 
dataset at the control, 5 days of submergence (sub), and 3 hours of recovery (rec) time points. Bars = 
mean ± SE (n=2).
(B) Relative mRNA abundance of SAG113 in Bay-0 and Lp2-6 intermediate leaves at different time 
points following de-submergence at the end of 5 days of dark submergence. Bars = mean ± SE 
(n=3). Different letters represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple 
comparisons test). 
(C) Representative images of sag113 knockout mutants during recovery after 4 days of submergence 
compared to Col-0 wildtype plants. 
(D) Stomatal classification at 3 hours and 6 hours after de-submergence for SAG113 mutants and Col-0 
submerged for 4 days (n=180).
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Figure 5.6: Application of an antagonist of ABA receptors, AA1, increased stomatal closure and 
improved post-submergence recovery in Bay-0. 
(A) Representative images of Bay-0 plants recovering from 5 days of dark submergence with and 
without 100 µM AA1 treatment upon de-submergence. 
(B) Chlorophyll content in whole rosettes of Bay-0 plants sprayed with 100 µM AA1 or a solvent control. 
Bars = mean ± SE (n=24). Different letters represent significant difference (p<0.05, two-way ANOVA with 
Tukey’s multiple comparisons test).  
(C) Stomatal aperture (based on ratio of width/length) for Bay-0 intermediate leaves with or without 
100 µM AA1 application upon de-submergence. Bars = mean ± SE (n=300). Different letters represent 
significant difference (p<0.05, one-way ANOVA with Tukey’s multiple comparisons test). 

B                                                      C         
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Early onset of senescence in Bay-0 links to post-submergence intolerance
Bay-0 displayed a strong induction of genes in the “leaf senescence” GO category 
for both the “submergence comparison” and the “combined response.” Amongst 
these genes was a NAC-domain TF ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 
92/NAC DOMAIN CONTAINING PROTEIN 2/NAC DOMAIN CONTAINING PROTEIN 6/
ORE1/ORESARA 1 (ANAC092/NAC2/NAC6; At5g39610). This gene has been previously 
characterized as a positive regulator of leaf senescence (He et al., 2005; Balazadeh et 
al., 2010; Qiu et al., 2015). Arabidopsis mutants for ORE1 displayed delayed senescence 
and overexpressor plants senesced prematurely (Kim et al., 2009; Rauf et al., 2013). As 
with SAG113, ORE1 was also identified as a TF in the accession × “combined response” 
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interaction (Figure 3.7). ORE1 was more strongly induced in Bay-0 during submergence 
and recovery, as depicted in both the normalized RPKM values (Figure 5.7A) and relative 
mRNA transcript abundance (Figure 5.7B). Knockout mutants for ORE1 showed minimal 
post-submergence damage (Figure 5.7C), and chlorophyll content was significantly 
higher compared to Col-0 after 5 days of recovery (Figure 5.7D). Interestingly, ore1 also 
had more closed stomata, again indicating that stomatal restriction of water loss and 
subsequent senescence is an important factor influencing post-submergence recovery 
(Figure 5.7E). 
 Earlier senescence in Bay-0 may also be associated with higher expression 
levels of CHLOROPLAST VESICULATION (CV, At2g25625), as indicated for both 
ribosome-associated transcript levels (Supplemental Figure 5.S5A) and mRNA 
abundance (Supplemental Figure 5.S5B) under submergence and recovery in Bay-0. 
This corresponded with CV being an accession-specific gene for both the accession 
× “submergence” and accession × “combined response” interaction comparisons. In 
Arabidopsis, CV plays an important role in stress-mediated chloroplast degradation 
(Wang and Blumwald, 2014). CV overexpression lines showed precocious senescence 
via accelerated chloroplast degradation, while a silenced CV line had delayed abiotic 
stress-induced senescence. The CV-silenced line B1-amiR-CV submerged for 4 days 
showed less chlorosis during the first day of recovery, resulting in the appearance of 
more live leaves after 5 days of recovery (Supplemental Figure 5.S5C). 
 Thus accelerated senescence in Bay-0 might be mediated by the actions 
of SAG113, ORE1, and CV, all of which are known to be ABA-inducible based on 
investigation of publicly available microarray or RNA sequencing (RNA-seq) datasets 
using Genevestigator (Supplemental Figure 5.S6A). This likely hampers post-submergence 
recovery in Bay-0 by negatively affecting photosynthetic capacity.

Delayed senescence and restricted water loss in Lp2-6 might be regulated by GATA 
transcription factors 
Two related LLM-(leucine-leucine-methionine)-domain containing B-GATA transcription 
factors (TFs) were highly induced in Lp2-6 as an accession-specific gene for the 
“combined effect comparison”: GATA, NITRATE-INDUCIBLE, CARBON METABOLISM-
INVOLVED/GATA TRANSCRIPTION FACTOR 21 (GNC/GATA21; At5g56860) and GNC-
LIKE/CYTOKININ-RESPONSIVE GATA FACTOR 1/GATA TRANSCRIPTION FACTOR 22 
(GNL/CGA1/GATA22; At4g26150). GNC and GNL are paralogous and their function 
in Arabidopsis are to promote stomatal differentiation and chloroplast development, 
increase starch production, and delay senescence (Richter et al., 2010; Behringer and 
Schwechheimer, 2015; Klermund et al., 2016). These gene functions correspond with 
the improved post-submergence phenotype of Lp2-6. GNC was identified as a TF in the 
accession × “combined response” interaction (Figure 3.7), and this was reflected in more 
abundant normalized read counts (RPKM values) in Lp2-6 for GNC during the 3 hours 
recovery time point compared to Bay-0 (Figure 5.8A). GNL was one of the most highly 
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Figure 5.7: The NAC transcription factor ORE1 promotes senescence in Bay-0.
(A) Normalized RPKM values for ORE1 corrected for library size and composition in the Ribo-seq dataset 
at the control, 5 days of submergence (sub), and 3 hours of recovery (rec) time points. Bars = mean ± 
SE (n=2).
(B) Relative mRNA abundance of ORE1 measured by qRT-PCR in Bay-0 and Lp2-6 intermediate leaves 
after de-submergence following 5 days of dark submergence. Bars = mean ± SE (n=3). Different letters 
represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test). 
(C) Representative images of ore1 knockout mutants during post-submergence recovery after 4 days 
of submergence compared to Col-0 wildtype plants.
(D) Chlorophyll content in whole rosettes of ore1 and Col-0 after 5 days of recovery following 4 days of 
submergence. Bars = mean ± SE (n=3). An asterisk represents significant difference (p<0.05, unpaired 
t-test).  
(E) Stomatal classification at 3 hours after de-submergence for ore1 mutants and Col-0 submerged for 
4 days (n=180).
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upregulated differentially expressed gene (DEG) in Lp2-6 under both the “submergence 
comparison” and the “combined effect,” as displayed by much higher RPKM values 
than Bay-0 (Figure 3.8B). The accumulation of GNL mRNA transcripts at 1 and 3 hours 
of de-submergence also reflected the higher expression of GNL in Lp2-6 (Figure 3.8C). 
 The knockout mutants gnc and gnl showed delayed recovery compared 
to Col-0 after 4 days of submergence (Figure 5.8D). This corresponded with a higher 
percentage of opened and partially opened stomata, in contrast with Col-0 where most 
stomata were closed (Figure 5.8E). gnc and gnl had significantly more stomata than 
Col-0, although the stomata density of gnl was more than 2 times higher (Figure 5.8F). 
Accordingly, gnl was particularly sensitive to water loss when rosettes were detached 
from the root 1 and 3 hours after de-submergence (Figures 5.8G and 5.8H). More rapid 
dehydration in gnc and gnl corresponded with greater loss of chlorophyll (Figure 5.8I). 

A                                 B                               C
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E                                                          F

G                                                         H

I Figure 5.8: Induction of GATA, NITRATE-INDUCIBLE, 
CARBON-METABOLISM INVOLVED (GNC) and GNC-
LIKE (GNL) in Lp2-6 links to early stomatal closure 
and reduced senescence during recovery.
(A) Normalized RPKM values for GNC corrected for 
library size and composition in the Ribo-seq dataset 
at the control, 5 days of submergence (sub), and 
3 hours of recovery (rec) time points. Bars = mean 
± SE (n=2).
(B) Normalized RPKM values for GNL corrected for 
library size and composition in the Ribo-seq dataset 

at for control, 5 days of submergence (sub), and 3 hours of recovery (rec). Bars = mean ± SE (n=2).
(C) Relative mRNA abundance of GNL measured by qRT-PCR in Bay-0 and Lp2-6 intermediate leaves 
after de-submergence following 5 days of dark submergence. Bars = mean ± SE (n=3). 
(D) Representative images of gnc and gnl knockout mutants during post-submergence recovery after 
4 days of submergence compared to Col-0 wildtype plants. 
(E) Stomatal classification at 3 hours after de-submergence for gnc and gnl mutants submerged for 4 
days (n=180).
(F) Stomatal density obtained from imprints of gnc and gnl intermediate leaves at 3 hours of de-
submergence following 4 days of submergence. Bars = mean ± SE (n=3-5). 
(G) Hourly water loss from 10-leaf stage rosettes excised from roots 1 hour after de-submergence 
following 4 days of submergence. Points = mean ± SE (n=5-6). Asterisks represent a significant difference 
between gnc and gnl at the specified time point (*p<0.5, two-way ANOVA with Tukey’s multiple 
comparisons test).  There were no significant differences between gnl and Col-0.
(H) Hourly water loss of 10-leaf stage rosettes excised from roots 3 hours after de-submergence following 
4 days of submergence. Points = mean ± SE (n=5-7). There were no significant differences between gnl 
and Col-0. 
(I) Chlorophyll content in whole rosettes of gnc, gnl, and Col-0 after 5 days of de-submergence 
following 4 days of submergence. Bars = mean ± SE (n=4). Different letters represent significant 
difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test). 

5



144

Chapter 5

Discussion

This chapter highlighted dehydration stress and senescence as characteristics of 
intolerant plants after a period of prolonged submergence. Plants recovering from 
flooding often experience physiological drought due to impaired root functions and/or 
leaf water loss and display typical dehydration symptoms post-submergence. This was 
also observed in the two Arabidopsis accessions investigated here. The submergence 
intolerant accession Bay-0 displayed more severe dehydration symptoms compared 
to the submergence tolerant Lp2-6 during recovery (Figure 2.1B). Older Bay-0 leaves 
were completely desiccated within 3 days after de-submergence, and intermediate 
leaves experienced significant reductions in relative water content during recovery 
(Figure 5.2A). Lp2-6 was also more tolerant to actual drought conditions. Water loss 
was restricted in non-submerged Lp2-6 rosettes after detachment from roots (Figure 
5.2C). After subjecting both accessions to a 2-week drought stress, Lp2-6 maintained 
higher water status and even continued to develop new leaves during the early stage 
of drought treatment (Figure 5.2D). Evaluation of stomatal aperture in both accessions 
revealed that the ability to prevent early transpirational water loss during submergence 
recovery might be beneficial. Lp2-6 recovering from submergence maintained a higher 
water status by completely closing most stomata in intermediate leaves within 3 hours 
of post-submergence (Figure 5.3B), as also reflected by lower stomatal conductance 
during the first hours of recovery (Figure 5.3A). In contrast, Bay-0 kept stomata open for a 
longer period during the first day after de-submergence, leading to more dehydration. 
Although stomatal closure prevents transpirational water loss, it can also limit influx of 
CO2 and thus photosynthetic capacity. In both accessions, stomata were completely 
opened by 5 days of recovery. However, the early stomatal closure in Lp2-6 might 
prevent excessive water loss until root function is restored and photosynthesis can resume. 
 Stomatal closure in response to water deficit is typically mediated by ABA. An 
ABA biosynthesis deficient mutant aba2-1 showed loss of function for stomatal closure 
(Supplemental Figure 5.S3A). This resulted in inability to restrict water loss during shoot 
detachment at 1 hour (Supplemental Figure 5.S3B) and 3 hours (Supplemental Figure 
5.S3C) after de-submergence, a characteristic that hindered survivability (Supplemental 
Figures 5.S3D and 5.S3E). Lp2-6 stomata were more ABA responsive in epidermal peel 
assays (Figures 5.4A and 5.4B). Despite the higher ABA sensitivity of Lp2-6 in 10-leaf 
stage intermediate leaves, ABA content was lower in Lp2-6 than in Bay-0 (Figure 5.4C). 
In drought tolerant Poa pratensis L. (kentucky bluegrass) cultivars, ABA accumulated 
more slowly compared to drought-sensitive cultivars during short-term drought stress 
(Wang et al., 2004). Plants experiencing drought have been shown to synthesize 
more ABA to trigger stomatal closure (Radin and Ackerson, 1981; Bray, 1988; Trejo and 
Davies, 1991), thus higher ABA accumulation corresponds with higher severity of the 
physiological drought symptoms. Hence, there may be a correlation between higher 
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ABA levels and the rapid dehydration response in Bay-0. ABA levels are also reported to 
be higher in senescing leaves. The Ribo-seq analyses indicated a stronger upregulation 
of senescence-associated genes already during submergence in Bay-0 (Figure 5.1C). 
This might indicate that upon de-submergence, the physiological state of recovering 
leaves in Bay-0 is distinct from Lp2-6. Indeed, the HORMONOMETER profile showed a 
strong upregulation of ethylene signature in Bay-0 (Supplemental Figure 3.S5). Ethylene 
is a senescence promoting hormone that is also reported to antagonize ABA action 
on stomatal closure (Tanaka et al., 2005; Chen et al., 2013). It can be hypothesized 
that higher ethylene production in Bay-0 leaves might modulate ABA responsiveness in 
these tissues. Previous studies have also established that in senescing leaves, the ABA-
mediated stomatal closure mechanism can be overwhelmed to instead promote water 
loss and accelerate dehydration and cell death (Wardle and Short, 1983; Lee et al., 
2011a). Indeed, one of the genes implicated in this regulatory chain is the ABA-inducible 
SAG113, which has been reported to prevent stomatal closure in Arabidopsis leaves. 
SAG113 is a negative regulator of ABA signal transduction, as characterized in knockout 
mutants during leaf senescence by Zhang and Gan (2012). High ABA content in Bay-
0 corresponded with the induction of SAG113 (Figures 5.5A and 5.5B). SAG113 was 
induced to significantly high levels at 3 hours after de-submergence, corresponding with 
the opened stomata at the same time point (Figure 5.5B). Furthermore, in accordance 
with the hypothesis that ABA accelerates water loss in Bay-0 leaves, application of the 
ABA receptor antagonist AA1 improved the post-submergence phenotype of Bay-0 
(Figure 5.6). AA1-sprayed plants had more of their stomata closed, and although not 
determined here, this could likely be due to the absence of SAG113 induction. Closure of 
stomata may then occur through ABA-independent mechanisms, for instance through 
the oxylipin pathway that converges with the ABA-dependent pathway at the level of 
the anion channel SLAC1 for stomatal closure (Montillet et al., 2013). 

Desiccation stress also correlates with leaf senescence, as observed in drought 
studies of Salvia officinalis L. (sage) (Munne-Bosch et al., 2001), Nicotiana tabaccum 
cv. SR1 (tobacco) (Rivero et al., 2007), and Arabidopsis (Lee et al., 2012). Furthermore, 
transgenic tobacco with delayed senescence have been shown to be drought tolerant 
(Rivero et al., 2007). Leaf senescence is generally measured through chlorophyll loss 
(Noodén et al., 1997), and Arabidopsis intermediate leaves already began to show 
loss of chlorophyll at 3 hours of de-submergence (Figure 2.6B). Although senescence 
can also occur during submergence, particularly in prolonged dark submergence, 
differences in senescence between the two accessions mainly occurred during 
recovery. Submergence induced some yellowing of the leaves, but this occurred to 
similar levels in both accessions (Figure 2.2A).

Post-submergence senescence occurs through programmed cell death, 
as observed with increased transcription of CV in Bay-0 that degrades and recycles 
chloroplastic components and positively regulates senescence (Supplemental Figure 
5.S5). Elevated activity of the ABA-regulated TF ORE1 gene also triggered early 
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senescence in Bay-0 (Figures 5.7A and 5.7B) by controlling downstream induction of 
senescence-associated genes. Accordingly, silencing CV or knocking out ORE1 inhibited 
chloroplast dismantling, so most likely photosynthetic activity can be resumed faster, 
leading to more rapid recovery (Figure 5.7C and Supplemental Figure 5.S5C).

The upregulation of senescence-associated genes was restricted in Lp2-
6 compared to Bay-0. Interestingly, the HORMONOMETER profile showed a strong 
senescence retarding signature for Lp2-6 with a strong upregulation of cytokinin and a 
lower profile for the aging-promoting hormones ABA, auxin and ethylene (Supplemental 
Figure 3.S5). Two GATA TFs, GNC and GNL both involved in delayed senescence and 
stomatal trait regulation were highly upregulated in Lp2-6 (Figure 5.8) GNC and GNL 
expression are known to be regulated by light through PHYTOCHROME INTERACTING 
FACTOR (PIF) transcription factors (Klermund et al., 2016), so it was plausible that mRNA 
transcript levels of GNL were low after 5 days of dark submergence (Figure 5.8C). These 
genes were mostly activated by the post-submergence conditions. Cytokinin might play 
an important role in regulating the delayed senescence and dehydration-resistant Lp2-
6 phenotype by modulating stomatal responses and chlorophyll breakdown. GNL is a 
cytokinin-regulated TF, and its activity is associated with reduced senescence through 
cytokinin signaling. Furthermore, cytokinin strongly downregulates CV expression and 
therefore chloroplast turnover (Wang and Blumwald, 2014). Arabidopsis mutants with 
increased cytokinin biosynthesis showed improved recovery after de-submergence 
and retained more chlorophyll (Huynh et al., 2005). However, the molecular regulators 
mediating this effect were not investigated. The results here suggest that an increased 
cytokinin profile in Lp2-6 regulates senescence and water loss most likely via GATA 
TFs. Nonetheless, this role of cytokinin in post-submergence recovery requires more 
investigation.

Desiccation can link to behavior of aquaporins, which are water channels that 
can alter water membrane permeability regulated by cytoplasmic pH in response to 
an external stimuli (Tournaire-Roux et al., 2003; Maurel et al., 2016). Induced aquaporin 
expression in guard cells is linked to ABA-triggered stomatal closure (Grondin et al., 
2015). It would be interesting to examine these pH-dependent cell-signaling processes 
of aquaporins regulating water transport in our two contrasting accessions. 
 Ultimately, these results concluded that dehydration stress is inherent to post-
submergence recovery but failure to respond to this stress by stomatal closure can be 
detrimental to recovery. Regulation of the stomatal aperture is therefore crucial, and is 
likely controlled by ABA signaling in interaction with other hormones such as cytokinin 
and ethylene. Desiccation stress and senescence are interlinked, and potential ABA- 
and cytokinin-regulated genes that might govern responses to these stressors were 
identified. Characterizations of water loss, mutant analyses of the candidate genes, 
and induction of genes in the Ribo-seq dataset relating to water deprivation, ABA, and 
senescence reflected differences in physiological and molecular responses between 
the two accessions. 
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Supplemental Data

Supplemental Figure 5.S1: Size and density of stomata are similar in Lp2-6 and Bay-0.
(A) Stomatal length measured on de-submerged intermediate leaves. Bars = mean ± SE (n=83-227). 
(B) Stomatal density obtained from abaxial imprints of de-submerged intermediate leaves. Bars = 
mean ± SE (n=12-29). Different letters represent significant difference (p<0.05, two-way ANOVA with 
Tukey’s multiple comparisons test). 

A                                                B

Supplemental Figure 5.S2: Classification of stomatal aperture in epidermal peels of intermediate leaves 
of Bay-0 and Lp2-6 incubated in 0 µM, 50 µM, or 100 µM ABA. Stomata were classified as opened, 
partially opened, or closed based on their width/length ratio (n=180).
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Supplemental Figure 5.S3: The ABA-deficient mutant aba2-1 is unable to close its stomata. 
(A) Stomatal classification at 3 hours after de-submergence for aba2-1 mutants submerged for 3 days 
(n=180).
(B) Hourly rate of water loss of 10-leaf stage rosettes excised 1 hour after de-submergence following 
3 days of submergence. Points = mean ± SE (n=4-6). Asterisks represent a significant difference 
between aba2-1 and Col-0 at the specified time point (*p<0.05, two-way ANOVA with Sidak’s multiple 
comparisons test).  
(C) Hourly rate of water loss of 10-leaf stage rosettes excised 3 hours after de-submergence following 
3 days of submergence. Points = mean ± SE (n=3-7). Asterisks represent a significant difference 
between aba2-1 and Col-0 at the specified time point (*p<0.05, two-way ANOVA with Tukey’s multiple 
comparisons test).  
(D) Representative images of aba2-1 mutant showing more sensitivity to post-submergence stress after 
3 days of submergence.
(E) Survival rate of aba2-1 and Col-0 plants 3 weeks after recovery from 3 days of submergence (n=6).

Supplemental Figure 5.S4: ABA application on Lp2-6 plants recovering from 5 days of dark submergence 
had no effects on stomatal aperture. Stomatal aperture (based on ratio of width/length) for Lp2-6 
intermediate leaves with 0 µM, 60 µM, or 100 µM ABA application. Bars = mean ± SE (n=300). Different 
letters represent significant difference (p<0.05, one-way ANOVA with Tukey’s multiple comparisons 
test). 

5



150

Chapter 5

Supplemental Figure 5.S5: CHLOROPLAST VESICULATION (CV) promotes senescence during post-
submergence recovery in Bay-0.
(A) Normalized RPKM values for CV corrected for library size and composition in the Ribo-seq dataset 
at the control, 5 days of submergence (sub), and 3 hours of recovery (rec) time points. Bars = mean ± 
SE (n=2).
(B) Relative mRNA abundance of CV measured by qRT-PCR in Bay-0 and Lp2-6 intermediate leaves 
after de-submergence following 5 days of dark submergence. Bars = mean ± SE (n=3). Different letters 
represent significant difference (p<0.05, two-way ANOVA with Tukey’s multiple comparisons test). 
(C) Representative images of a silenced CV mutant, B1-amiR-CV, during post-submergence recovery 
after 4 days of submergence compared to Col-0 wildtype plants.
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Supplemental Figure 5.S6: Investigation of ABA signature and log2FC 
values of candidate genes related to regulation of senescence 
and dehydration response.
(A) Expression values and effect of ABA treatments on candidate 
genes related to regulation of senescence and dehydration 
response. Using Genevestigator, log2FC values of genes of 
interest were compared in publicly available datasets where 
ABA concentrations from 10 µM to 100 µM were applied to Col-
0 seedlings or adult plants for the specified treatment length. 
Expression values were obtained from the study published in the 
reference paper.
(B) Expression values from the Ribo-seq dataset of candidate 
genes related to regulation of senescence and dehydration 
response. Log2FC values are represented by intensity of the color 
scale with downregulated genes indicated by a cyan color 
and upregulated genes indicated by a yellow color under the 
“submergence comparison,” “recovery comparison,” and the 
“combined response.”

A

B

Gene ATG number Sequence (5’ → 3’)

SAG113 At5g59220
foward: TCGACGGTGACTTACAGAGG

reverse: GAGACTCGCATAGGACGACA

GNL At4g26150
foward: GGATTTGGAGACCCAGAGCAAC

reverse: TGGCAGCCTCCTTCTCATCT

ORE1 At5g39610
foward: TCTGCTACTGCCATTGGTGAAGT

reverse: TCGGGTATTTCCGGTCTCTCAC

CV At2g25625
foward: CCGGTAGAAGAGATGGCTGC

reverse: CCGGTACGATGGTCTCTAGC

Actin2 At3g18780
foward: TTCGTGGTGGTGAGTTTGTT

reverse: GCATCATCACAAGCATCCTAA

Supplemental Table 5.S1: Primers used for qRT-PCR in Chapter 5.
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Flooding is an increasingly detrimental phenomenon for crops and higher plants due to 
global climate change (Hirabayashi et al., 2013). Flooding events can vary in depth and 
duration, but complete submergence of the plant especially in turbid waters is perhaps 
the most severe form of this stress. Excessive water levels can completely submerge the 
plant, resulting in reductions of oxygen (O2) and possibly carbon dioxide (CO2) levels 
(Figure 6.1). Compounded with deep flooding under low light availability, submerged 
plants experience a severe energy and carbohydrate crisis due to restricted respiration 
and photosynthesis, respectively (Voesenek and Bailey-Serres, 2015). In submergence 
tolerant plants, the gaseous hormone ethylene accumulates rapidly and can trigger 
various flood-adaptive responses to escape or cope with the stress (Voesenek and 
Sasidharan, 2013; Sasidharan and Voesenek, 2015). The accumulation of highly 
damaging reactive oxygen species (ROS) also typically occurs due to flooding-induced 
hypoxia or anoxia (Chang et al., 2012; Pucciariello et al., 2012; Paradiso et al., 2016). 

Figure 6.1: Temporal changes in 
ethylene (ET), oxygen (O2), and 
reactive oxygen species (ROS) 
levels during submergence and 
recovery conditions. During 
the early submergence period 
(light gray shading), ethylene 
accumulates rapidly while 
oxygen content gradually 
declines. A transient ROS burst 
occurs within the first hours of 
anoxia. Upon recovery from 
prolonged submergence (dark 
gray shading marked by a 
time scale break), ethylene 
accumulates transiently while 
oxygen content returns to 
normoxic levels. A strong ROS 
burst upon de-submergence 
causes oxidative stress damage, 
senescence, and dehydration 
symptoms.6
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Understanding of molecular mechanisms underlying flooding responses have 
largely benefitted from hypoxia/anoxia and submergence studies in the model species 
rice and Arabidopsis. These studies have revealed an extensive molecular signaling 
pathway regulated by flooding signals. Low internal O2 levels trigger downstream 
expression of core hypoxia genes (Mustroph et al., 2009; Mustroph et al., 2010) and 
the transcriptional regulators Group VII Ethylene Response Factors (ERFVIIs) (Hinz et al., 
2010; Licausi et al., 2010; Papdi et al., 2015). ERFVIIs have an N-terminal methionine and 
cysteine residue, which target the protein for proteolysis by the N-end rule pathway as 
a mechanism to trigger low oxygen responses (Gibbs et al., 2011; Licausi et al., 2011; 
Sasidharan and Mustroph, 2011). In addition, maintenance of ATP production under low 
oxygen conditions is induced through genes related to glycolysis, sugar metabolism, and 
anaerobic fermentation, such as ALCOHOL DEHYDROGENASE 1 (ADH) and PYRUVATE 
DECARBOXYLASE (PDC) (Umeda and Uchimiya, 1994; Minhas and Grover, 1999; Peng 
et al., 2001; Mustroph and Albrecht, 2003). Responses to the energy crisis may also be 
mediated through pyrophosphate (PPi), an alternative source to enzymes that require 
ATP (Mustroph et al., 2014). Low oxygen conditions also downregulate protein synthesis 
and translation reflecting alterations of cellular processes (Branco-Price et al., 2008; 
Nanjo et al., 2010; Sorenson and Bailey-Serres, 2014).

Plant tolerance to flooding is determined not only by these responses during 
inundation, but also by recovery responses following floodwater recession. Even when 
floodwaters subside, the shift to an intensely illuminated and reoxygenated environment 
poses additional stresses for the plant, namely oxidative stress, senescence, and 
desiccation. However, compared to the extensive knowledge on signaling networks for 
regulation of submergence responses, very little is known about the post-submergence 
period, including the stresses encountered, the signals generated, and the downstream 
responses that influence recovery.

An experimental system to understand post-submergence recovery
A comparative system of two Arabidopsis accessions Bay-0 and Lp2-6 was used to 
investigate the molecular and physiological mechanisms underlying post-submergence 
recovery, in which sensitivity to flooding stress was attributed primarily to differences 
during recovery (Chapter 2). Both accessions showed similar submergence-mediated 
damage after 5 days of dark submergence, but the recovery phase constituted the 
main differences in flooding tolerance. The submergence tolerant accession Lp2-
6 maintained more chlorophyll and developed new leaves faster, and had a better 
reproductive output as measured by higher seed yields and thus a higher fitness after 
submergence. Furthermore, recovery differences between the two accessions were 
independent of root effects, allowing for focus only on the shoot. Further analyses on the 
shoot were restricted to the intermediate leaves that most closely reflected the variable 
effects of post-submergence stress between the two accessions. A genomics approach 
targeted these specific tissues, thus facilitating a high-resolution characterization of 
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global changes in abundance of ribosome-associated transcripts during prolonged 
dark submergence (5 days) and recovery. 

Recovery is closely linked to submergence responses
The Ribosome-sequencing (Ribo-seq) approach identified molecular responses 
contributing to the differing recovery rates, with highly contrasting gene regulation 
between the accessions (Chapter 3). Ribo-seq analyses delineated changes occurring 
during submergence alone, recovery alone, and the combined response (recovery 
following submergence). Interestingly, despite the obvious recovery differences 
between the accessions, no accession-specific recovery genes were identified. Instead, 
the strongest accession-specific effects were observed for the combined response, 
indicating that the responses during recovery were intimately linked to changes 
occurring during submergence. Accession-specific candidate genes, including 
transcription factors (TFs), were associated with abscisic acid, ethylene, and cytokinin 
signaling for regulatory roles in photosynthesis, light signaling, oxidative stress, water 
deprivation, and leaf senescence. Regulation of genes in several of these functional 
categories already occurred during prolonged submergence. Analyses of the patterns 
of gene regulation between submergence and the recovery phase indicated distinct 
behavior of gene clusters between these two phases. Indeed, the physiological status 
of the plant at the end of the submergence period can strongly determine the action of 
signaling pathways triggered upon reoxygenation and therefore recovery. 

The post-submergence stressors, oxidative stress and dehydration, must be overcome 
for recovery
ROS production was a clear symptom of reoxygenation (Figure 6.1; Chapter 4). 
Although ROS toxicity clearly hampers recovery, ROS can also play a signaling role. 
Controlled ROS production in Arabidopsis has been mainly attributed to NADPH 
oxidases (RBOHs) that mediate synthesis of superoxide which is quickly dismutated into 
hydrogen peroxide (H2O2). Specifically, RESPIRATORY BURST OXIDASE HOMOLOGUE D 
(RbohD) was implicated in mediating a ROS burst during anoxia, which was essential 
for survival (Pucciariello et al., 2012; Yang and Hong, 2015). Upon reoxygenation, ROS 
production can occur at several sites aside from this plasma-membrane localized 
RBOH, but the precise localization of ROS production remains to be investigated. Our 
dataset demonstrated a sharp surge in ROS levels upon reoxygenation. Despite early 
ROS production during recovery in both accessions, accelerated recovery in Lp2-6 was 
facilitated by a higher antioxidant content to combat the excessive post-submergence 
production of ROS (Chapter 4). The ROS burst at 3 hours after de-submergence in the 
submergence intolerant accession Bay-0 corresponded with higher RbohD transcript 
accumulation. Restricting RbohD activity through exogenous application of the NADPH 
oxidase inhibitor diphenyleneiodonium (DPI) prevented oxidative stress damage. 
Interestingly, complete elimination of ROS was detrimental to recovery. In that respect, 
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despite the necessity of the initial ROS production, ROS need to be combined with an 
effective antioxidant system to prevent further damage during recovery. 

Desiccation stress occurs at the later time points of recovery, mainly due to 
damaged roots and lowered hydraulic conductivity of the roots and shoots (Setter et 
al., 2010; Shahzad et al., 2016). The tolerant accession displayed a better ability to restrict 
water loss and to offset the recovery-induced dehydration symptoms (Chapter 5). This 
was found to be clearly linked to stomatal closure during early recovery. Meanwhile, 
Bay-0 kept its stomata open longer and this correlated with a higher water loss and 
accelerated senescence. The Ribo-seq data revealed several candidate genes that 
might be associated with the differential stomatal response of the two accessions. 
In Bay-0, SENESCENCE ASSOCIATED GENE 113 (SAG113) was strongly induced upon 
de-submergence and implicated in the failure of stomatal closure and associated 
dehydration responses during recovery.

In Lp2-6 stomatal closure could be linked to the action of two cytokinin-inducible 
GATA-type TFs in Lp2-6: GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED 
(GNC) and GNC-LIKE/CYTOKININ-RESPONSIVE GATA FACTOR 1 (GNL/CGA1). Functional 
characterization of gnc and gnl knockout mutants confirmed the role of these TFs in 
guard cell regulation for stomatal closure during recovery from submergence. ROS has 
been shown to increase during drought-induced leaf senescence in Arabidopsis (Lee 
et al., 2012). Although it was not investigated whether oxidative stress directly caused 
dehydration in Bay-0 and Lp2-6, it appeared that ROS formation occurred earlier than 
onset of desiccation stress and senescence (Chapter 5). Thus, the superior dehydration 
tolerance in Lp2-6 might also be linked to its oxidative stress tolerance.

Hormonal signaling interactions during post-submergence recovery
The Ribo-seq dataset indicated that a network of hormonal interactions regulates 
different aspects of the recovery process. Furthermore, as indicated earlier, the 
interactions and outcomes are likely strongly influenced by the physiological changes 
imposed by the prolonged submergence period preceding recovery.

Differential hormonal signatures were detected between the two accessions for 
several hormones, including ABA, ethylene, and cytokinin. Ethylene has been shown to 
accumulate transiently within the first few hours of recovery despite the sharp initial decline 
upon de-submergence (Figure 6.1; Khan et al., 1987; Voesenek et al., 2003; García et al., 
2014; Ravanbakhsh et al., 2017). Ethylene has been implicated in post-anoxia recovery 
in Arabidopsis seedlings through its link to the upregulation of ROS amelioration genes, 
including heat shock proteins and heat shock factors (Tsai et al., 2014). Under flooding, 
drought, or high light conditions in Arabidopsis, ethylene also mediated oxidative stress 
responses by a tightly-controlled activation of RbohD expression (Jakubowicz et al., 
2010; Yao et al., 2016). Abscisic acid (ABA) can also increase NADPH oxidase activity as 
a feedback mechanism for ROS detoxification (Bellaire et al., 2000; Guan et al., 2000; 
Jiang and Zhang, 2002), but if the higher ABA content in Bay-0 promoted additional 
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ROS formation without sufficient control of H2O2 homeostasis mechanisms, recovery 
can be hampered. Jasmonic acid (JA) was reported to induce antioxidant expression 
in Arabidopsis plants recovering from complete submergence (Tsai et al., 2014; Yuan 
et al., 2017). In our dataset, JA accumulated strongly in sensitive Bay-0 during the first 
hours of post-submergence recovery, with the highest accumulation at 1 day after 
de-submergence, while JA content was lower in Lp2-6 across all recovery time points 
(Figure 6.2). In Bay-0, JA signaling may be required to transcriptionally activate synthesis 
of antioxidants in response to excessive ROS production. In Lp2-6, the high antioxidant 
status might mean that oxidative stress amelioration via JA signaling was unnecessary. 

High RbohD expression in guard cells may also be linked to stomatal movement 
downstream of the ABA-responsive SnRK2 protein kinase OPEN STOMATA 1 (OST1/SRK2E/
SnRK2.6) (Kwak et al., 2003; Sirichandra et al., 2009; Joshi-Saha et al., 2011). OST1 has 
been shown to phosphorylate the similarly conserved NADPH oxidase RbohF to generate 
ROS for modulating the slow S-type anion channel SLAC1 for stomatal closure. Hence, 
NADPH oxidases are vital in ROS-dependent ABA signaling in Arabidopsis, as complete 
elimination of RbohD was detrimental to recovery. Kwak et al. (2003) also showed that 
rbohD/F double knockout mutants had impaired ABA-related molecular function in the 
guard cells, including ABA-induced stomatal closing, ABA promotion of ROS production, 
and ABA-mediated activation of calcium-permeable channels. However, severe 
oxidative stress may negatively affect stomatal closure, since prolonged ozone (O3) 
exposure in Leontodon hispidus prevents stomatal closure despite ABA application and 
induction of drought stress (Mills et al., 2009; Wilkinson and Davies, 2009). 

Since the GATA TFs GNC and GNL were not ABA-responsive, stomatal closure 
in Lp2-6 may occur via an ABA-independent mechanism mediated through H2O2 (Pei et 
al., 2000; Desikan et al., 2003). In Arabidopsis plants under pathogen inoculation, H2O2 
production through RbohD induces two mitogen-activated protein kinases MAPK3 and 
MAPK6, which further activates the guard cell lipoxygenase LOX1 to catalyzes reactive 
electrophile species (in the form of oxylipins) from peroxidation of polyunsaturated fatty 

Figure 6.2: Accumulation of jasmonic acid 
(JA) may be linked to excessive ROS in Bay-0.
JA quantification using LC/MS. Bars = mean ± 
SE (n=3). Different letters represent significant 
difference (p<0.05, two-way ANOVA with 
Tukey’s multiple comparisons test). 
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acids (Montillet et al., 2013; Montillet and Hirt, 2013). Oxylipin then conveys downstream 
signals to activate SLAC1. Both RbohD and MAPK6 were upregulated to high levels in 
Bay-0 particularly at 3 hours post-submergence, but it seemed the oxylipin pathway 
for stomatal closure was not activated since Bay-0 had severe dehydration symptoms. 
Instead, higher ABA content in Bay-0 appeared to activate SAG113, which prevented 
stomatal closure. This action of SAG113 is reported to be a mechanism to trigger 
dehydration and accelerate leaf senescence. Consequently, intermediate leaves in 
recovering Bay-0 plants might be marked for senescence. Indeed, Bay-0 had a higher 
expression of ABA-regulated genes promoting premature senescence, including 
CHLOROPLAST VESICULATION (CV) and ORE1/NAC DOMAIN CONTAINING PROTEIN 6 
(NAC6). Contrarily, senescence-associated genes were not highly induced in Lp2-6, 
which instead had a strong signature for the senescence retarding hormone cytokinin. 
The highly induced GATA TFs in Lp2-6 were reported to be cytokinin-inducible and also 
retard chlorophyll degradation. 

Ethylene is a known ABA antagonist and has been shown to suppress ABA 
signaling in reoxygenated Arabidopsis seedlings (Tsai et al., 2014) and prevent ABA-
induced stomatal closure (Tanaka et al., 2005). Yet, some DEHYDRATION RESPONSIVE 
ELEMENT BINDING (DREB) genes against desiccation stress can still be activated via an 
ABA-independent pathway. However, the antagonism between ethylene and ABA 
during reoxygenation must be further resolved. In contrast to the study of Tsai et al. (2014), 
SUB1A rice showed enhanced post-submergence water management by increasing 
ABA responsiveness for upregulation of drought-responsive genes (Fukao et al., 2011). 
SUB1A rice also dampened accumulation of senescence-associated genes under 
prolonged darkness, thus implicating a role of ethylene for senescence responses as well 
(Fukao et al., 2012). In addition, SUB1A contributed to swift recovery of photosynthetic 
activity upon re-illumination (Fukao et al., 2012; Alpuerto et al., 2016), resonating with the 
faster recovery of Fv/Fm values (maximum quantum efficiency of photosystem II) and 
starch reserves in Lp2-6 due to less damage from ROS and dehydration.

Concluding remarks
The results presented in this thesis identified molecular events occurring during prolonged 
submergence and recovery. Overall, physiological and molecular comparisons of Lp2-
6 with Bay-0 confirmed that successful recovery from oxidative stress, desiccation, and 
senescence upon de-submergence determines overall submergence tolerance (Figure 
6.3). Timely post-submergence recovery is clearly an important aspect of flooding 
tolerance that is linked to reproductive output and thus plant fitness. Post-submergence 
recovery is clearly a balancing act between fine-tuning ROS metabolism to elicit 
signaling, but also controlling damage and achieving optimal stomatal responses to 
offset dehydration while re-activating photosynthesis. 

Although several candidate regulators were identified, some outstanding 
questions remain. The molecular mechanisms of guard cells to control water loss upon post-
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submergence require further understanding, especially to consider how environmental 
and endogenous signals can regulate guard cell movements. Additionally, the role 
of stomata during post-submergence pathogenic immunity has not been extensively 
studied. In flooding-prone coastal regions, de-submergence into a humid subtropical 
climate increases the risk of pathogen infection (Huber and Gillespie, 1992; Fujita et 
al., 2006; Bailey, 2014; Elad and Pertot, 2014). In response, the stomata can be part of 
the innate immune system by acting as a barrier against pathogen entry through the 
stomata through ABA and nitric oxide (NO) signals (Melotto et al., 2006; Zeng et al., 2010; 
Fanourakis et al., 2016). Accordingly, higher susceptibility to pathogens during recovery 
may be associated with less submergence and post-submergence-mediated damage 
in addition to stomatal control. Although roots did not contribute to the contrasting 
recovery between Bay-0 and Lp2-6, damages to the roots and root adaptations may 
still influence recovery. The signaling pathways mediating regulation of root hydraulic 
conductance and the influence on shoot recovery require further investigation. Finally, 
like submergence, the recovery phase also involves a network of hormones. Many of 
the established submergence flooding signals and hormones appear to also play a 
role also during recovery (Figure 6.1). Further elucidation of these roles will require more 
focused studies that also consider spatial and temporal dynamics, with regards to both 
the submergence and recovery phases and the interacting effects between these 
regulators. This will no doubt provide a greater insight into recovery mechanisms and 
contribute to our knowledge of flood-proofing plants. 
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Figure 6.3: Overview of physiological and molecular processes occurring upon de-submergence. 
Following prolonged submergence, the shift to an environment with intense light levels and high 
oxygen content may trigger downstream recovery processes mediated by hormonal signaling 
as proposed in this study. Arrows indicate a positive regulation, while lines represent a negative 
regulation. Ethylene signaling may induce the NADPH oxidase RbohD, resulting in hydrogen peroxide 
(H2O2) accumulation. Control of this oxidative stress damage is essential through boosted antioxidant 
capacity; otherwise lipid peroxidation by reactive oxygen species (ROS) can cause cellular damage 
and dampens photosynthetic processes. ABA induction may activate the protein phosphatase 2C 
protein phosphatase 2C SENESCENCE ASSOCIATED GENE 113 (SAG113) to maintain stomatal opening, 
while ABA and cytokinin may trigger the transcription factors (TFs) GATA NITRATE-INDUCIBLE CARBON-
METABOLISM-INVOLVED (GNC), GNC-LIKE (GNL), and the NAC TF ORE1 to promote stomatal closure. 
Preventing dehydration through closed stomata is particularly important in the first hours of recovery to 
limit senescence-associated gene expression, including ABA-mediated CHLOROPLAST VESICULATION 
(CV). Afterwards, stomata can reopen for photosynthesis to replenish cellular energy for effective post-
submergence recovery. 6
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Flooding events have been increasing significantly because of global climate 
change, in which rising water levels decrease oxygen levels for plants. Plants then 
cannot produce new energy resources and when plants are under water for too 
long, they will die. Since flooding results in severe loss of crops, and combined with a 
growing global population, feeding the world is critical. Scientific research has mostly 
focused on how plants respond when flooded, but less studies have examined how 
plants recover after flooding. This PhD thesis aims to fill that gap. 

Even when flooding is over, the plant must adapt to a new environment with 
high levels of sunlight and oxygen compared to under water. This shift causes reactive 
oxygen species (ROS) to form in the plant, which are very damaging and break down 
plant cells so that the plant cannot carry out normal functions such as making energy 
from sunlight (photosynthesis). Plants also cannot take up water through the roots, 
causing the leaves to turn yellow (senescence) and dry out (desiccation stress).

 Some plants recover slower than others, so here two plants with different 
recovery rates were compared. Two types of a small flowering weed plant Arabidopsis 
thaliana found in different parts of the world were used. Arabidopsis is the most 
commonly used model species in plant research because of its smaller DNA genome 
and its faster growth due to a short life cycle. Chapter 2 describes the characteristics 
that define Lp2-6 (naturally found in Lipovec, Czech Republic) as a flooding tolerant 
plant that recovered faster, and Bay-0 as a flooding intolerant plant with slower 
recovery (found in Bayreuth, Germany). During recovery from flooding, Lp2-6 had 
more green leaves and grew new leaves faster, resulting in more seed production. 

To explain the differences in recovery rates between Lp2-6 and Bay-0 on the 
molecular level, a DNA sequencing technique was used as described in Chapter 3. 
This technique identified changes in gene levels that specify instructions for coding 
specific biological processes. Lp2-6 and Bay-0 had different gene levels for processes 
related to photosynthesis, responses to sunlight, protection against ROS, dehydration, 
and leaf yellowing. Sequencing also identified genes involved in activating plant 
hormones that signal these biological processes.

Chapter 4 looked at biological processes for protection against ROS. During 
flooding recovery, Lp2-6 had lower amount of ROS because of higher antioxidant 
levels to protect the plant cells from damage by ROS. ROS formed very quickly after 
the plant was removed from under water; ROS formation was highest in Bay-0 at 3 
hours of recovery. ROS was found to be produced in the form of hydrogen peroxide 
through a gene, RESPIRATORY BURST OXIDASE HOMOLOGUE D (RbohD). Bay-0 had 
more of this RbohD gene, so it was more damaged during recovery; but the recovery 
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of Bay-0 can be improved by blocking RbohD with a chemical. However, in mutant 
plants where RbohD gene was completely knocked out and ROS could not be 
produced, plants did not survive as well because they had lost the ROS signaling 
to promote recovery. Therefore, there must be a balance for the amount of ROS 
produced after flooding: too much ROS will kill the plant, but too little ROS will eliminate 
the signaling needed for recovery.

Chapter 5 examined the dehydration and yellowing responses in the leaves 
during flooding recovery. Even though the plants were recovering from having too 
much water, they showed drought-like symptoms during recovery. This is because 
leaves could not take up water from the damaged roots. Bay-0 had more yellow 
leaves and lost more water content because it could not close its stomata, which are 
tiny pores on the surface of the leaves where gas and water vapor can enter and exit 
the plant. The plant hormone abscisic acid (ABA) which normally closes the stomata 
instead increased levels of the gene SENESCENCE ASSOCIATED GENE 113 (SAG113), 
which keeps the stomata open so more water is lost. Faster leaf yellowing in Bay-0 was 
also because of higher levels of the genes ORE1/NAC DOMAIN CONTAINING PROTEIN 
6 (NAC6) and CHLOROPLAST VESICULATION (CV). Meanwhile in Lp2-6, higher levels 
of two genes GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED (GNC) and 
GNC-LIKE/CYTOKININ-RESPONSIVE GATA FACTOR 1 (GNL/CGA1) helped the stomata 
close and delayed yellowing of the leaves. Controlling the stomata opening and 
closing is therefore critical for improving recovery. 

ROS and dehydration damages happen within the first few hours during 
recovery. Better responses to these damages within the first day of recovery, as 
displayed in Lp2-6, are important for overall flooding tolerance. These new findings 
will contribute to our knowledge of how plants can cope with flooding stress better. 
Ultimately, the goal is to create varieties of crop plants that are more tolerant to 
flooding so their seed output can ensure food security for the world. 
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Klimaatverandering is verantwoordelijk voor een sterke toename van het aantal 
overstromingen. Het gevolg van overstromingen voor planten is dat de inwendige 
zuurstofconcentratie daalt. Hierdoor daalt de ademhalings- en fotosynthese snelheid 
waardoor de plant uiteindelijk kan sterven. Overstromingen leiden tot forse schade 
aan gewassen. In combinatie met de wereldwijde bevolkingsgroei kan dit de 
voedselzekerheid in gevaar brengen. Het meeste wetenschappelijke onderzoek naar 
overstromingstolerantie van planten was tot nu toe geconcentreerd op de negatieve 
gevolgen veroorzaakt door de overstromingsperiode. Het herstel na overstroming 
heeft tot nu toe minder aandacht gekregen. Dit onderwerp zal centraal staan in dit 
proefschrift.

 Als een overstroming voorbij is moet een plant zich aanpassen aan een nieuw 
milieu gekenmerkt door veel licht en hoge zuurstofconcentraties. Deze overgang 
naar een terrestrisch milieu gaat gepaard met de vorming van zuurstof radicalen die 
buitengewoon schadelijk kunnen zijn voor de normale groei van de plant. Ook hebben 
planten na een overstroming moeite met de opname van water door de wortels, 
hetgeen kan leiden tot vergeling van bladeren en het uitdrogen van de gehele plant.

 Sommige planten herstellen na een overstroming langzamer dan anderen. In 
dit proefschrift wordt het verschil in herstelvermogen van twee natuurlijke variëteiten 
van de plant Arabidopsis thaliana bestudeerd. Hoofdstuk 2 beschrijft de verschillen in 
herstelvermogen van de twee variëteiten Lp2-6 (afkomstig uit Lipovec, Tsjechië)  en Bay-
0 (afkomstig uit Bayreuth, Duitsland), waarbij Lp2-6 toleranter voor overstroming is en 
sneller weet te herstellen na de overstroming dan Bay-0. Het herstel van Lp2-6 kenmerkte 
zich door de ontwikkeling van meer groene bladeren en een hogere zaadopbrenst.

 Een Ribosoom-sequencing techniek is toegepast in Hoofdstuk 3 om verschillen  
in het herstel van Lp2-6 en Bay-0 na overstroming op moleculair niveau te verklaren. 
Deze techniek maakt het mogelijk om de ribosoom-geassocieerde  transcripten te 
identificeren die invloed hebben op specifieke biologische processen tijdens het 
herstel. De twee variëteiten vertoonden differentiële expressie van genen betrokken bij 
fotosynthese, licht reacties, oxidatieve stress, uitdroging en afsterving. Ook zijn er genen 
geïdentificeerd die geassocieerd zijn met plantenhormonen die een sturende werking 
hebben op de genoemde processen.

 Hoofdstuk 4 bestudeerd hoe excessieve oxidatieve stress het herstel na 
overstroming kan belemmeren. Tijdens het herstel had Lp2-6 een lagere hoeveelheid 
zuurstofradicalen veroorzaakt door hogere niveaus van antioxidanten Zuurstofradicalen 
worden snel gevormd als het waterpeil van een overstroming zakt. Deze radicalenvorming 
was het sterkst in Bay-0 na 3 uur herstel. Zuurstof radicalen zijn dan aanwezig als 
waterstofperoxide gevormd door de NADPH oxidase RESPIRATORY BURST OXIDASE 
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HOMOLOGUE D (RbohD). Bay-0 wordt gekenmerkt door een hogere RbohD expressie 
met als gevolg het optreden van meer schade tijdens de herstelperiode. Het herstel van 
Bay-0 kan bevorderd worden door de NADPH oxidase remmer diphenyleneiodonium 
(DPI). Echter in mutant planten waarin RbohD compleet is uitgeschakeld was het 
herstel minder goed. Hoogstwaarschijnlijk wordt dit veroorzaakt door het ontbreken van 
een tijdelijke puls van radicalen noodzakelijk voor optimaal herstel. Er bestaat dus en 
delicaat evenwicht in de hoeveelheid radicalen die worden geproduceerd: te veel 
leidt tot grote schade, te weinig veroorzaakt gebrekkige signalering voor herstel.

 Hoofdstuk 5 bestudeerd uitdroging en afsterving van bladeren tijdens 
het herstel na overstroming. Uitdroging vindt zijn oorzaak in het beschadigde 
wortelstelsel gekenmerkt door een verlaagde hydraulische geleidbaarheid waardoor 
wateropnamen bijna niet meer mogelijk is. Bay-0 vertoonde meer geelkeuring van 
bladeren en verloor meer water omdat het zijn huidmondjes niet op tijd kon sluiten. Het 
plantenhormoon absicinezuur (ABA) dat normaal de sluiting van huidmondjes reguleert, 
veroorzaakte in Bay-0 een sterke expressie van SENESCENCE ASSOCIATED GENE 113 
(SAG113) dat voorkomt dat de huidmondjes dichtgaan. Vroege afsterving in Bay-0 
hangt ook samen met sterke transcriptie van ORE1/NAC DOMAIN CONTAINING PROTEIN 
6 (NAC6) en CHLOROPLAST VESICULATION (CV). In Lp2-6 daarentegen werd de sluiting 
van huidmondjes en vertraagde geelkleuring van bladeren gerelateerd aan sterkere 
transcriptie van GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED (GNC) en 
GNC-LIKE/CYTOKININ-RESPONSIVE GATA FACTOR 1 (GNL/CGA1).  Zorgvuldige regulatie 
van de sluiting van huidmondjes is dus belangrijk voor een goed herstel na overstroming.

 Beschadiging van planten door zuurstofradicalen en uitdroging treedt op 
tijdens de eerste uren van herstel na overstroming. Lp2-6 is beter in staat om hier op te 
reageren hetgeen leidt tot een betere algehele overstromingstolerantie. De resultaten 
van dit onderzoek zullen een bijdrage leveren aan de kennis hoe planten in staat zijn 
overstromingsstress het hoofd te bieden. Uiteindelijk is het doel om variëteiten van 
gewassen te ontwikkelen die beter bestand zijn tegen overstroming en die daardoor de 
groeiende wereldbevolking beter kunnen voeden.
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