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CHAPTER 1
With hope that variation will increase
tolerance in every sense.

Introduction
Melis Akman

CHAPTER 1

T

he external environment has a tremendous impact on organisms, shaping the distributions of the species, influencing their phenotypes and life cycles, as well as the
accumulation and demise of genotypic variation through their evolutionary history.
This is how new species evolve while others disappear, by means of Darwin’s law of natural
selection.
Seven years before Darwin was born, another great scientist came to the realization that the
variation in living organisms is shaped by the environment. This was the beginning of an era
in which we started to understand how and why organisms are the way they are. Lamarck
explains how species derived by various environmental conditions in these words in his
Hydrogéologie (1802):
“After having produced aquatic animals of all ranks and having caused extensive variations in them by the different environments provided by the waters,
nature led them little by little to the habit of living in the air, first by the water’s edge and afterwards on all the dry parts of the globe. These animals have
in course of time been profoundly altered by such novel conditions; which so
greatly influenced their habits and organs that the regular gradation which
they should have exhibited in complexity of organisation is often scarcely
recognisable.”
Although he excluded plants in his sentences, it is needless to say that his ideas also apply
to plants. Terrestrial plants also evolved from aquatic ancestors approximately 500 million
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years ago and over 220 genera have returned to an aquatic environment (Cook, 1999). Yet,
many terrestrial plant species lack adaptations to cope with excess water, and suffer from
submergence caused by seasonal floods or excess rainfall. Thus, submergence stress acts as
a strong selection force shaping plant distributions, leading to a gradient of plant species in
flood prone areas (Silvertown et al., 1999; Vervuren, 2003).
It is sometimes not easy for non-biologists to realize that plants can get stressed and even
“drown” under limiting oxygen levels under water. At the same time, a plant biologist cannot ignore the effects of excess water on plants and plant communities, especially in the
landscapes that are typical for the Netherlands of which 25 percent is below sea level. Additionally, predictions for increasing number of floods worldwide (Milly et al., 2002; Durack
et al., 2012) forces us to look more carefully at the environmental changes and their impact
on plants.
Submergence is a compound stress, affecting plant functioning at several levels, which in
turn can lead to severe tissue damage and eventually mortality. The most important problem imposed by submergence is decreased gas diffusion under water, disabling efficient
gas transport into and out of the plant (Armstrong, 1980). Oxygen becomes limiting very
quickly and oxidative phosphorylation is severely hampered (Voesenek et al., 2006). As a
consequence, glycolysis is induced to produce ATP, which results in faster consumption of
carbohydrates since the anaerobic pathway is far less efficient in terms of ATP production
compared to aerobic respiration. Photosynthesis is also reduced since, like oxygen, carbon
dioxide diffusion is not efficient under complete submergence (Mommer et al., 2005). In
addition floods are often co-occuring with turbid waters in which light is only scarcely
available, and this also leads to a further decrease in photosynthesis levels (Vervuren, 2003;
Parolin, 2009). Together with faster carbohydrate consumption, this creates an energy crisis
that can be lethal. In addition, accumulation of reactive oxygen species and toxic compounds
such as organic acids, pyruvate and conversion of ethanol to acetaldehyde upon re-aeration
also increases mortality (Jackson & Drew, 1984; Armstrong & Armstrong, 1999; Blokhina
et al., 2003). The combined effects of these stresses resulting from various factors lead to
severe tissue damage and if submergence prolongs, many plant species cannot sustain their
cellular functioning and die.
In order to prevent crop failure as well as demise of natural plant populations in a changing
world, it is essential to understand what makes that some plants thrive while others die. It is
of fundamental importance to identify mechanisms that evolved in plants inhabiting floodprone areas; adaptations that enable them to survive various flooding depths and durations,
from partial waterlogging of roots to complete submergence, lasting days to months. The
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challenge is to understand the functioning and mechanisms of these adaptations by studying both the intra- and interspecies variation accumulated in millions of years. Now, 200
years after Lamarck’s ideas on an earlier version of evolution theory, we are able to take up
this challenge, thanks to the recent advances in genetics and genomics. While Darwin was
working on his “Origin of the Species” and his theory of evolution (inspired by Lamarck),
Gregor Mendel in the 1850s was experimenting with thousands of pea plants leading to a
new discipline called Genetics that later transformed Darwin’s theory to the New Synthesis.
A century later, from a modest one-page publication on the structure of DNA by Watson
and Crick in 1953, to the discovery of DNA sequencing by Sanger in 1977, our understanding of genetics has progressed enormously. As a result, we are now capable of dissecting the
mechanisms underlying phenotypic variation, seeing what Lamarck referred to as “scarcely
recognizable”.

Aim of this thesis
The main aim of this thesis is to reveal the underlying physiological and molecular mechanisms that improve submergence tolerance in a variety of plant species adapted to various
flooding conditions. For this purpose, we used an ecogenomics approach in which we integrate genetics, genomics, physiology, biochemistry and evolutionary biology. First, we
investigated the mechanisms of extreme submergence tolerance in two Rorippa species,
inhabitants of flood-prone areas. By comparing these two Rorippa species with two Rumex
species showing similar patterns under submergence, we identified the similarities and differences between these two genera in submergence responses. Additionally, the model plant
Arabidopsis enabled us to use the molecular resources to reveal the genetic basis of variation
in submergence tolerance of two accessions in more detail.

Outline of the thesis
In the second chapter of this thesis, we investigated the extraordinary capability of Rorippa
species for surviving months of submergence, achieved by escape and quiescence strategies.
In long-term survival assays we investigated the costs and benefits of these strategies in two
species, Rorippa amphibia and Rorippa sylvestris.
Subsequently, in Chapter 3, similarities and contrasting patterns between escaping and quiescent species of Rumex and the Rorippa were analyzed. We studied the changes in carbohydrate pools and if and how these are reflected in submergence tolerance. The expression
patterns of the most likely regulators of these strategies, group VII ethylene response factors
(ERFs), were also analyzed in these Rorippa and Rumex species.
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Experimental set-up (Chapter 2)

Experimental set-up (Chapter 4)

In the 4th chapter, we used the molecular tools available for Arabidopsis and performed a quantitative trait loci analysis to reveal the genomic regions responsible for
differential submergence tolerance in two Arabidopsis accessions.
Exploiting the opportunities in modern genetic research on model plants further, we
performed an RNA-seq experiment in Chapter 5 to detect the differences in expression patterns of these two accessions under submergence and compared the results
to the QTL analysis from the previous chapter. To conclude, the final chapter gives a
summary of the main interesting findings from this thesis.
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Wait or Escape? Contrasting submergence tolerance strategies of
Rorippa amphibia, Rorippa sylvestris and their hybrid
Melis Akman, Amit V. Bhikharie, Elizabeth H. McLean, Alex Boonman,
Eric J.W. Visser, M. Eric Schranz, Peter H. van Tienderen

This chapter is published in Annals of Botany (2012); 109 (7): 1263-1276

Wait or Escape?

SUMMARY

Background and Aims Differential responses of closely related species to submergence
can provide insights into the evolution and mechanisms of submergence tolerance. Several
traits of two wetland species from habitats with contrasting flooding regimes, Rorippa
amphibia and Rorippa sylvestris, as well as F1-hybrid Rorippa x anceps were analyzed to
unravel mechanisms underlying submergence tolerance.

Methods In a submergence experiment (lasting 20 days) we analyzed biomass, stem
elongation and carbohydrate content and in a second submergence experiment (lasting 3
months) we analyzed survival and the effect of re-establishment of air contact on biomass and
carbohydrate content. In a separate experiment we analyzed expression of two carbohydrate
catabolism genes ADH1 and SUS1, upon re-establishment of air contact following
submergence.

Key Results All plants had low mortality even after three months of submergence. Rorippa
sylvestris was characterized by 100% survival and higher carbohydrate levels coupled with
lower ADH1 gene expression as well as reduced growth compared to R. amphibia. Rorippa
amphibia and the hybrid elongated their stems but this did not pay-off in higher survival
when plants remained submerged. Only R. amphibia and the hybrid benefited in terms of
increased biomass and carbohydrate accumulation upon re-establishing air contact.
Conclusions Results demonstrate contrasting “escape” and “quiescence” strategies between
Rorippa species. Being a close relative of Arabidopsis, Rorippa is an excellent model for
future studies on the molecular mechanism(s) controlling these strategies.
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The frequency of major floods has increased significantly in the last century and this trend is
predicted to continue due to climate change (Milly et al., 2002). Although modern terrestrial
plants evolved from aquatic ancestors, very few angiosperm species can cope with the severe
effects of flooding (Voesenek et al., 2006), which can lead to crop failure and demise of
natural plant populations (Silvertown et al., 1999; Normile, 2008b). The combined effects
of limited underwater gas diffusion (Jackson, 1985) and low light levels in turbid waters
(Vervuren, 2003) lead to mortality typically within just a few days of submergence. Thus,
submergence acts as a strong selection force controlling the distribution of plant species in
flooded areas (Blom, 1999; Van Eck et al., 2004; Mommer et al., 2006a).

CHAPTER 2

INTRODUCTION

Plants that inhabit frequently flooded areas have evolved traits to overcome the lethal effects
of submergence. Two strategies have been proposed to cope with flooding, the low oxygen
escape strategy and the low oxygen quiescence strategy. In the low oxygen escape strategy,
the plant grows and/or elongates its shoot in an attempt to reach the surface and restore
air contact (Bailey-Serres & Voesenek, 2008). Plants adopting this strategy often have
more internal aerenchyma tissue for efficient gas transport, especially to the belowground
parts where the effects of low oxygen stress are most severe (Sauter, 2000; Voesenek et
al., 2003). This strategy is beneficial only in shallow and prolonged floods, when plants
are able to reach the surface before the stress becomes lethal. Since low levels of oxygen
upon submergence can limit aerobic respiration, plants switch to anaerobic lactic acid and
ethanol fermentation as a source of NAD+ and ATP and carbohydrate catabolism genes such
as ADH, PDC and SUS are up-regulated (Bailey-Serres & Voesenek, 2008). Compared to
aerobic respiration, fermentation is far less efficient in terms of carbohydrate consumption.
Plants can temporarily withstand submerged conditions, however if air contact can not be
re-established, high carbohydrate consumption to accommodate stem elongation and cell
division will lead to an energy deficit, severe tissue damage and mortality (Pierik et al., 2009;
Chen et al., 2011). In contrast to the escape strategy, the low oxygen quiescence strategy is
defined by reduced levels of growth, conservation of energy reserves and hence a delay of
the energy crisis (Setter & Laureles, 1996; Sauter, 2000; Bailey-Serres & Voesenek, 2008).
This strategy is particularly beneficial when floods are deep but transient. In these conditions,
rapid growth by the plant would be futile and likely lead to stem breakage when water levels
drop (Chen et al., 2011).
The escape and quiescence strategies have been well described in varieties of rice cultivated
in different habitats. Deep-water rice can grow up to four meters when flooded (Kende et
al., 1998) in contrast to lowland rice that almost completely ceases its growth upon flooding
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and survives longer by conserving carbohydrates (Ram et al., 2002). Molecular studies have
shown that ethylene response factor (ERF) genes SNORKEL and SUB1A control escape and
quiescence strategies respectively (Fukao et al., 2006; Xu, 2006; Hattori, 2007; Hattori,
2008; Hattori et al., 2009). Rice and Arabidopsis studies have increased our fundamental
molecular knowledge about submergence tolerance; however, neither species exhibits an
extreme flooding tolerance phenotype. Submergence tolerant lowland cultivars of rice and
Arabidopsis thaliana accessions can survive only up to 10-14 days of submergence (Jackson
& Ram, 2003; Vashisht et al., 2011). Introgression of the SUB1 locus that improves the
survival by only a few days to rice cultivars already increased yields significantly after
flooding (Singh et al., 2009), so identifying the molecular basis of extreme tolerance would
be of great interest for agriculture.
Rice varieties displaying these strategies are artificially selected genotypes and there
is little evidence that these cost-benefit patterns also exist as a result of natural selection
for different flooding regimes. Rumex species show variation in ethylene induced petiole
elongation depending on the type of floods they encounter in their natural habitats (Voesenek
et al., 1996). One of these species, Rumex palustris elongates its leaves under submerged
conditions, and there also exists variation in elongation ability among different populations
(Chen et al., 2009). Petiole elongation and reaching water surface have benefits in biomass
recovery (Pierik et al., 2009; Chen et al., 2011) but no evidence has been reported for effects
on survival.
Studies on tolerant Rumex species have led to the discovery of fundamental knowledge about
hormonal regulation pathways of elongation and consequences of submergence (Voesenek
et al., 1991; Voesenek et al., 2003; Benschop et al., 2005; Vreeburg et al., 2005; Mommer et
al., 2006a; Chen et al., 2009; Chen et al., 2011); however, the lack of molecular resources
makes it hard to reveal the genetic mechanisms behind these responses in the detail possible
for model organisms. Applicability of molecular tools developed for Arabidopsis to its
wild relatives (Mitchell-Olds, 2001; Schranz et al., 2007) provides greater possibilities for
unraveling the genetic basis of extreme submergence tolerance. In this study we use three
wild relatives of Arabidopsis belonging to the same lineage in the Brassicaceae (Al-Shehbaz
et al., 2006), Rorippa amphibia, Rorippa sylvestris and their hybrid as models to study
mechanisms of extreme submergence tolerance. The cytotypes studied were tetraploids with
32 chromosomes, most likely with an autoploid origin (Stift et al., 2010). These species
are clonal wetland perennials, inhabiting major river plains in Europe. Rorippa amphibia
usually occurs at stable water tables, with waterlogged belowground plant parts, whereas R.
sylvestris occupies river beaches and habitats that undergo periodic deep floods and dry-outs
(Jonsell, 1968; Blom, 1999).
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Natural interspecific hybrids can be found in intermediate habitats along major rivers that
experience periodic flooding, such as the Danube and Elbe. A previous study with these
species found differential responses to waterlogging and submergence (Stift et al., 2008).
Stift et al. (2008) showed that R. amphibia was better able to cope with waterlogging. When
completely submerged for 2 weeks, aboveground biomass of R. amphibia increased at the
expense of decreased belowground biomass. This aboveground and belowground growth
tradeoff was not observed in R. sylvestris. This study suggested that these two species
evolved different responses due to the different flooding regimes they encounter in their
natural habitats. But are these differences shaped by natural selection? And, if so, what are the
components that enhance or decrease submergence survival? To answer these questions we
investigated the submergence responses and strategies of R. amphibia, R. sylvestris and their
artificial F1-hybrid, by measuring changes in growth, biomass, carbohydrate metabolism,
regulation of genes related to carbohydrate catabolism (ADH1 and SUS1) and their effects
on survival. In order to understand the genotypic influence on the trait phenotypes, we have
tested if the hybrid behaved as either of the parents and if so how these were reflected in
survival.

MATERIALS AND METHODS
Plant material
The genotypes of Rorippa amphibia, Rorippa sylvestris and their artificial hybrid Rorippa
x anceps used in this study were previously described in Stift et al. (2008). Rorippa
amphibia and R. sylvestris rhizomes were collected from IJssel River, Doesburg, The
Netherlands (N:52°01’25’’E:06°08’42”) and Rhine River, Millingerwaard, The Netherlands
(N:51°52’02’’E:05°59’18’’) respectively. All plants used were tetraploids (4n=32). The F1
hybrids were derived by hand-pollination using the R. amphibia plant as the pollen donor and
the R. sylvestris as the maternal plant. Five random seeds were selected from the crosses and
were germinated on sterile filter paper with 2 ml of 3 M gibberellic acid solution. Seedlings
were transferred to soil and grown for three months. Intermediate morphology of the progeny
confirms that the crosses were successful and hybrids were created [Supplementary
Information – Fig. S5].
One random hybrid genotype was selected and together with the parents propagated by
rhizome cuttings for two years. Replicate plants used in all experiments were genetically
identical clones propagated from rhizomes. The rhizomes were collected and surface
sterilized by using 10% (v v-1) bleach solution for 8 minutes and washed 3 times with
deionized water. The rhizomes were later cut in 2-3 cm fragments and placed on 0.8% agar
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(Hispanagar, Burgos, Spain) and 0.5X MS (Duchefa, Haarlem, The Netherlands) media.
Rhizomes were initially grown in a growth cabinet (Sanyo MLR-350; Sanyo, Etten-Leur, The
Netherlands) for 10 days with 16 hour light at 20°C and 8 hour dark at 16°C. Subsequently,
individual plantlets were transferred onto 55 mm diameter mesh pots with sterile sand (0.51.0 mm grain size; Filcom BV, Papendrecht, The Netherlands) supplied with nutrient solution
(0.1 g l-1 Peters Professional 20:10:20 General purpose, Scotts Europe BV, Heerlen, The
Netherlands). The plants were grown in a greenhouse under natural light supplemented with
600W SON-T lamps (Philips, Eindhoven, The Netherlands) when necessary. The temperature
of the greenhouse was 20°C (± 2°C) with a 16 hour photoperiod. After 2 weeks plants were
transferred to 3 l pots containing 1.5 g (per pot) controlled slow-release fertilizer (Osmocote
Plus 15+11+13+2MgO+Trace Elements; Peters Professional, Scotts Europe BV, Heerlen,
The Netherlands).

First submergence experiment
This experiment was conducted in May-June 2008. After 50 days of pre-growth, the stem
lengths of 36 plants per genotype used in the experiment were measured. Plants were placed
in four outdoor cement basins on 36 randomly assigned positions in each basin (length x width
x depth = 400 cm x 100 cm x 100 cm). The plants were either submerged completely or left
in empty basins as air controls. All the basins were covered with shade cloth to prevent plants
from emerging and to mimic deep flooding light conditions. Light intensity was measured
with a light data logger (LI-1400, Licor, Lincoln, NE) and light under the shade cloth was
found to be 65% of the normal light intensity. At the start of the experiment and 7, 14, 20 days
after the treatment started, stem lengths were measured and aboveground and belowground
tissues of six plants from each genotype and treatment were washed and sampled separately.
Dry biomass was measured after freeze-drying and a subsample was used for carbohydrate
analysis.

Second submergence experiment
In the summer of 2009 a similar but longer-term submergence experiment was performed.
After 51 days of pre-growth 117 plants per genotype were randomly placed in six cement
basins. At the start of the treatment, aboveground and belowground tissues of nine plants of
each genotype were washed and sampled separately for carbohydrate analyses. All the plants
were submerged completely and shade cloth was used to cover the basins. After 37 days of
complete submergence, a further nine plants per genotype were sampled (for carbohydrate
analysis) and the water level in half of the basins (three basins) was lowered to half of the
original height to let all genotypes gain contact with the atmosphere (semi-submergence
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For survival assays, separate sets of 12 plants from each genotype were taken out of the water
after 37, 58 and 79 days of complete submergence, as well as plants submerged for 37 days
followed by 21 and 42 days of semi-submergence. Survival was scored both immediately and
after a recovery period of 15 days, based on absence or presence of green parts above ground.
In the survival data only immediate survival was included for R. amphibia and the hybrid
since the stems were very weak and unable to support the large healthy shoot tissues formed
when the water was removed.
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treatment). Nine completely submerged and nine semi-submerged plants were harvested for
dry weight and carbohydrate analyses, 21 and 42 days after the water level decrease. Fortytwo days after reaching the surface, some plants were lethally damaged, nevertheless we
were able to sample both aboveground and belowground tissues. For all samples dry biomass
was measured after freeze-drying and a sub-sample was used in carbohydrate analyses.

Gene expression experiment
After 30 days of pre-growth, 48 plants from each genotype were randomly assigned to
16 L plastic buckets either completely filled with rainwater one day before the start of the
experiment (submergence treatment) or with 1 cm of water for air controls. This experiment
was conducted in a greenhouse with same conditions as growth period. After three days
of complete submergence, the water level was reduced in half of the buckets from the
submergence treatment so that tips of the leaves were emerging. Four plants were harvested
for each genotype and treatment 2, 26, 74 hours after water level decrease. For air controls
and submergence treatments the plants were quickly rinsed in water, roots and shoots were
sampled separately. For semi-submerged samples roots, leaves above water level and shoots
under water were sampled separately. All the samples were quickly frozen in liquid N2 for
RNA isolations and expression analysis.

Carbohydrate analysis
A sub-sample of 10-150 mg of ground tissue (sampled in the first and second experiments
for carbohydrate analysis) was suspended in 1.0 ml 70% MeOH in water (v:v), vortexed and
boiled for 5 minutes. After placing the tubes in an ultrasonic bath for 15 minutes, samples
were centrifuged (10 min at 10000 rpm) and the supernatants were transferred to new tubes.
Pellets were extracted once more, excluding the boiling step. Supernatants of each sample
were combined and 70% MeOH was used to bring the final volume to 2 ml. For HPLC
quantification, 10 µl of extract was diluted in 990 µl of MilliQ water and measurements and
data analysis were performed as described previously (Van Leur et al., 2008). For starch
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measurements, the pellets were mixed with 1 ml of water and incubated at 65 °C for 30 min.
The supernatants were transferred to new tubes after centrifugation at 12000 rpm for 5 min
and 1 ml water was added to the pellets once more. The supernatants were combined with the
previous fractions. The pellets were then boiled in a water bath for 10 min. After cooling to
room temperature, 500 µl of 0.2 M Na acetate (pH 5.5), 7 units amyloglucosidase and 0.7 units
α-amylase were added to the pellets and incubated at 37 °C for 4 hours. After centrifugation
at 13000 rpm for 5 min the supernatants were transferred to new tubes for starch analysis.
The hexose concentration was measured by a modified version of the anthrone method by
using fixed glucose standards (Smith & Zeeman, 2006).

Gene cloning and expression analysis
DNA was isolated with a DNeasy Plant mini kit (Qiagen, Leusden, The Netherlands) from R.
amphibia and R. sylvestris. Primers for ADH1 and SUS1 were designed by Primer3 software
(http://frodo.wi.mit.edu/primer3/) based on Arabidopsis sequences obtained from TAIR.
Amplified fragments with these primers from gDNA of R. amphibia and R. sylvestris were
cloned with standard protocols (Sambrook & Russell, 2001). Based on sequences from at
least ten independent clones for each gene per species, qPCR primers were designed for
conserved regions among species. Primers were blasted to search for similar genes in A.
thaliana to confirm specificity. Primers for 18S rRNA, used as a reference gene for qRT-PCR,
were designed based solely on Arabidopsis sequences. The primers used in qRT-PCR were
(5’-3’)
18S rRNA-forward
18S rRNA-reverse
ADH1-forward 		
ADH1-reverse 		
SUS1-forward 		
SUS1-reverse 		

AAACGGCTACCACATCCAAG
ACTCGAAAGAGCCCGGTATT
GGACTTGGTGCTGTTGGTTTAG
CTGGTTTGTCATGCTCTCTCG
GGAGAGTTTGCTTCCATTGC
TCCGCTTTCCTCAAGATGTG.

Primer specificity was assessed by melting and dilution curve analysis. Each primer set
amplified only one product [Supplementary information – Fig. S4]. RNA isolations were
done with a modified version of the hot phenol method (Slater, 1984). Genomic DNA was
digested with DNase (DNA-free, Ambion, Nieuwerkerk aan de lJssel, The Netherlands) and
cDNA was synthesized with 500 ng RNA, 50 ng random hexamers (Invitrogen, Bleiswijk,
The Netherlands) and 100 U SuperScript III reverse transcriptase (Invitrogen, Bleiswijk, The
Netherlands) according to manufacturer’s instructions. Quantitative PCR reaction mixtures
included 2X SYBR green (Platinum SYBR green Supermix qPCR UDG; Invitrogen, Bleiswijk,
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The Netherlands), 0.3 µl 10 µM of each primer, 0.04 µl 1/10 dilution 50× ROX reference dye
and 10 ng cDNA, except 0.001 ng cDNA was used for 18S rRNA in a total volume of 20 µl.
The reaction was performed with a real-time PCR system (Applied Biosystems, CA, USA)
and relative expression levels were calculated using the ΔΔCt method (Livak & Schmittgen,
2001) and corrected for 18S rRNA transcript levels. The data were log2 transformed and then
used in the contrast analysis.

Porosity was measured as volume air space as a percentage of total tissue volume according
to Raskin (1983) and using calculations as adapted by Thomson et al. (1990).

Statistical Analyses
All analyses were performed with SPSS 16.0 for Mac (SPSS Incorporated, Chicago, USA).
We performed ANOVA analysis to test treatment, time-point and species effects for both
submergence experiments [Supplementary information – Table S1-2]. Three contrast
analyses were performed for both first and second experiments. The difference between
starting values (day 0) and submerged values (20 days for first and 37 days for second
experiments) were contrasted with an ANOVA test among R. amphibia and R. sylvestris,
R. amphibia and the hybrid and lastly R. sylvestris and the hybrid. The trait was considered
additive when there was a difference in the parental lines and the hybrid was intermediate
and differed from both (A>H>S or S>H>A). When the hybrid was different from one parent
only, the trait was considered dominant. If the hybrid exceeded any of the parental lines, trait
was evaluated as overdominant.
For the gene expression experiment, three contrasts were performed to test if the pattern of
gene expression was different among species. In the contrast analysis, all time-points were
included and values for one species at a time point was contrasted against the same time
point for other genotypes. The contrasts for following comparisons were done: air controls
vs. submerged samples, air controls vs. semi-submerged samples and submerged vs. semisubmerged samples.
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RESULTS
Rorippa sylvestris displayed a quiescence strategy, whereas Rorippa amphibia
and the hybrid displayed an escape strategy upon submergence
All genotypes exhibited at least some stem elongation under submerged conditions (Fig.
1a). Compared to air controls, submerged R. amphibia showed increased stem elongation,
whereas no difference was found between treatments in R. sylvestris. The hybrid had the
tallest stems under both normal and submerged conditions, reaching more than twice the
height of both of the parental lines in air controls. However, the relative treatment effect was
not as strong as it was in R. amphibia: submerged R. amphibia plants showed 82 % greater
stem elongation (length submerged/ length in air) compared with 24 % in the hybrid after 20
days of submergence.
Aboveground biomass was reduced in all species after submergence (Fig. 1b). The reduction
of biomass in R. amphibia and the hybrid was comparable to that in R. sylvestris (Table 1).
Growth of belowground tissue in all the genotypes ceased upon submergence, and there were
no significant differences in belowground biomass after 20 days of submergence compared
to starting values [Supplementary Information - Table S1].

Fig. 1 (a) Stem elongation of Rorippa amphibia, Rorippa sylvestris and their hybrid, and (b) aboveground
and belowground dry weight of control and submerged plants after 7, 14 and 20 days of treatment (n=6;
error bars indicate SEs).

22

Rorippa amphibia had a higher petiole
porosity compared to R. sylvestris,
indicating more aerenchyma tissue,
whereas the hybrid showed intermediate
levels
(Fig.
2,
[Supplementary
Information - Table S3-4]). More
aerenchyma tissue coupled with stem elongation enables greater internal gas diffusion rates
as soon as plants re-establish contact with the atmosphere. The growth and morphology upon
submergence thus suggest that R. amphibia and the hybrid display escape strategies, while R.
sylvestris has a quiescence strategy.

CHAPTER 2

Fig. 2 Aerenchyma in petioles of 30 days old
control non-submerged plants of (a) Rorippa
amphibia, (b) the hybrid and (c) Rorippa
sylvestris, and (d) porosity content of 21 day
old petioles. All three genotypes differ in their
porosity levels significantly (ANOVA, LSD
tests) [Supplementary Information – Table
S3-4] (n=4 or 5; error bars indicate SEs).

Aboveground carbohydrates decreased more in R. amphibia upon submergence
Total aboveground carbohydrate content decreased in all the genotypes upon submergence
relative to air controls (Fig. 3a, [Supplementary Information - Table S2]), probably as a
result of energy deficit caused by oxygen deficiency and a shift from aerobic respiration to
anaerobic metabolism. This reduction was strongest in R. amphibia; the aboveground starch
concentration was reduced to zero after 20 days of submergence. Although there also was a
decrease in carbohydrates in R. sylvestris compared to air controls, total carbohydrate content
was maintained close to starting levels. This also applied to the hybrid (Table 1). Submerged
R. amphibia had higher glucose and fructose concentrations compared to air controls, while
sucrose concentration was reduced (Fig. 3a, [Supplementary Information – Fig. S1a]).
This trend was not found in R. sylvestris.

All genotypes showed a rapid reduction in total belowground carbohydrates in
the first week of submergence
In the first week of submergence there was an initial reduction in belowground carbohydrates
in all the genotypes, with R. amphibia showing the greatest reduction (Fig. 3b). Carbohydrate
levels subsequently increased again in all genotypes later on. The hybrid showed the
smallest reduction in soluble carbohydrates and displayed a faster recovery after 14 days
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of submergence when compared to either of the parental lines (Table 1). At the end of the
treatment total belowground carbohydrates were therefore highest in the hybrid, followed by
R. sylvestris.
Table 1 Summary of pair-wise comparisons of the response to 20 days of submergence (first experiment)
of the parental lines and their hybrid, using ANOVA contrasts. For instance, the increase in stem length
from day 0 till day 20 (of submergence) differs among all three groups (cf. the slopes in Figure 1a).

Response
variable
Stem length
(mm)

R. amphibia vs
R. sylvestris

R. amphibia
vs
hybrid

R. sylvestris
vs
hybrid

F-value contrast

Conclusion
H>A>S
A + overdominance

21.33***

16.12***

74.52***

BG DW
(g)

0.03

0.65

0.39

H=A=S
Inconclusive

AG DW
(g)

0.91

2.91

0.56

H=A=S
Inconclusive

AG glucose
(mgg-1DW)

0.54

0.37

1.72

H=A=S
Inconclusive

AG fructose
(mgg-1DW)

17.58***

5.68*

3.27

H=S<A
S dominance

AG sucrose
(mgg-1DW)

11.00***

4.32*

1.53

H=S>A
S dominance

AG starch
(mgg-1DW)

15.81***

25.92***

1.24

H=S>A
S dominance

BG glucose
(mgg-1DW)

1.57

12.83***

23.38***

H>S=A
Overdominance

BG fructose
(mgg-1DW)

0.04

20.15***

22.02***

H>S=A
Overdominance

BG sucrose
(mgg-1DW)

0.04

6.56*

5.61*

H>A=S
Overdominance

BG starch
(mgg-1DW)

3.87

3.65

0.00

H=A=S
Inconclusive

BG total carbs.
(mgg-1DW)

3.18

8.26*

1.19

H≥S=A
Overdominance

AG total carbs.
(mgg-1DW)

9.19*

26.76***

3.41

H=S>A
S dominance

BG, belowground; AG, aboveground; DW, dry weight; A, Rorippa amphibia, S, Rorippa sylvestris, H, hybrid;
significance levels, * P<0.05, ** P<0.005, ***P<0.0005.
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Fig. 3 Soluble carbohydrates and starch content of (a) aboveground and (b) belowground tissues of
Rorippa amphibia, Rorippa sylvestris and their hybrid in air controls and submerged plants after 7, 14,
20 days of treatment (n=6; error bars indicate SEs); air: air controls; sub: submerged.

Carbohydrate catabolism genes are differentially regulated
Partial sequences of ADH1 and SUS1 Rorippa homologs (genebank no: JQ582800,
JQ582801, JQ582802, JQ582803) constituted 377 and 297 amino acids, respectively.
Homology between A. thaliana ADH1 and the most common allele of Rorippa was 94%,
and 99% for SUS1 [Supplementary Information – Fig. S6-7]. After three and six days
of complete submergence, R. amphibia displayed high ADH1 transcript levels similar to air
controls (Fig. 4a). However, R. sylvestris showed a stronger down regulation, in contrast to
hybrids, which showed a similar pattern to that of R. amphibia (Table 2). Three days after
plants were allowed to establish air contact (74 hrs), ADH1 levels were similar to air controls
in R. amphibia and the hybrid, however this effect was less apparent in R. sylvestris. There
was no differential regulation for SUS1 among species (Fig. 4b), as all genotypes showed a
down-regulation in submerged conditions and an up-regulation upon reaching water surface.
Transcript levels of SUS1 and ADH1 showed a good correlation (R2=0.4385) supporting
similar regulation mechanisms [Supplementary Information – Fig. S3]. The effects of
treatments and genotypes were not as pronounced in aboveground tissues (data not shown).
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Fig. 4 (a) ADH1 and (b) SUS1 expression in Rorippa amphibia, Rorippa sylvestris and the hybrid roots
following 2, 26, 74 hours of complete and semi-submergence after 3 days of complete submergence
(n=4; error bars indicate SEs). Rorippa amphibia air control at 2 hours was selected as the reference
(log2=0) for both genes.
Table 2 Summary of pair-wise differences for contrast analysis between parental lines and the hybrid
for ADH1 expression levels in the belowground tissues (expression experiment)

Relative ADH1 expression

R. amphibia vs
R. sylvestris

R. amphibia vs
hybrid

R. sylvestris vs
hybrid

F-value contrast

air vs. submerged

2.68*

2.05

2.93*

submerged vs. semi-submerged

0.89

4.37*

1.93

air vs. semi-submerged

0.49

1.44

2.69*

* P<0.055.

Escapers benefited from elongation only if they reached the water surface
All three species had extreme tolerance to submergence, as evident from their survival in
the long-term experiment. Rorippa sylvestris showed 100% survival after up to 100 days of
complete and semi-submergence (Fig. 4a). No mortality was observed in either R. amphibia
or the hybrid after 58 days, and only after 79 days the effects of complete submergence
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The restoration of shoot air contact after the period of complete submergence led to a lower
mortality in both escapers. Rorippa amphibia still had high levels of mortality after 42 days
of semi-submergence following the 37 days of complete submergence. The hybrid was more
tolerant than R. amphibia; mortality was lower both in complete and semi-submergence
treatments.

CHAPTER 2

without air contact became evident, with R. amphibia being the least tolerant of the three
genotypes.

Fig. 5 (a) Schematic view of experimental timeline (b) Survival and (c) aboveground and belowground
dry weight of plants at start and after 37 days of complete submergence followed by controlled air
contact for 21 and 42 days for Rorippa amphibia, Rorippa sylvestris and their hybrid (n=12 for survival,
n=9 for dry weight; error bars indicate SEs).

Only escapers benefited in terms of biomass accumulation when reaching the
water surface
There was a significant reduction in mainly aboveground biomass in all genotypes after 37
days of complete submergence (Fig. 4b). After restoring air contact (semi-submergence),
biomass increased significantly in the escaper species. Reaching the surface mostly led to
aboveground biomass accumulation, although the effect was less apparent in belowground
tissues. Remarkably, reaching the surface had almost no effect on quiescent R. sylvestris in
terms of biomass recovery.
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No increase in aboveground carbohydrate content occurred upon reaching the
water surface
After 37 days of complete submergence, total aboveground carbohydrates were reduced in all
genotypes and again more so in R. amphibia (Fig. 5a, Table 3) similarly to the first experiment
(Fig. 3a). Aboveground glucose and fructose content [Supplementary Information Fig.
S2a] was reduced in all genotypes and most dramatically in R. sylvestris after 79 days of
complete submergence. The hybrid showed a similar trend to R. sylvestris in glucose and
fructose reduction (Table 3). Sucrose levels significantly increased in aboveground tissues
of all genotypes, but more so in R. sylvestris (Table 3). The reduction in starch levels was
strongest in R. amphibia. Following 37 days of complete submergence, an increase in
carbohydrates was observed only in R. amphibia after 21 days of air contact. However,
after 42 days of air contact, there was no clear benefit in terms of carbohydrate levels from
reaching the surface in any of the species. Nevertheless, the biomass increase upon air
contact establishment led to a higher total amount of carbohydrates in the escapers; although
the carbohydrate concentrations did not change (as shown in Fig. 5a), the total amount within
the plant increased as a result of increased biomass. Sucrose levels increased further during
the first 21 days of air contact in R. amphibia, whereas R. sylvestris and the hybrid showed
a continuous increase in sucrose levels regardless of being submerged or semi-submerged
[Supplementary Information – Fig. S2a-b]. We also observed increased trehalose levels in
roots of all genotypes after 79 days of complete submergence [Supplementary Information
– Fig. S2b].

Quiescent R. sylvestris showed little reduction of belowground carbohydrate
levels after prolonged submergence
Carbohydrate levels were significantly reduced in belowground tissues of all the genotypes
after 37 days of complete submergence, but this was particularly striking in R. amphibia (Fig.
5b, Table 3). At longer periods of complete submergence, further reductions in belowground
carbohydrate levels occurred in both R. amphibia and the hybrid. Rorippa sylvestris
maintained more of its belowground carbohydrates and showed less than 30% reduction
after 100 days of submergence, compared to 78% and 95% reductions in R. amphibia and
the hybrid, respectively. After 21 days of air contact, carbohydrates had increased in all the
genotypes, but more significantly in the escaper genotypes. However, the effects were no
longer evident after 42 days of air contact.
Similar to aboveground tissue, belowground sucrose levels increased in all species upon
submergence. After 37 days, R. sylvestris roots had more sucrose than any of the other
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Fig. 6 Soluble carbohydrate and starch content of (a) aboveground and (b) belowground tissues at start
and after 37 days of complete submergence followed by controlled air contact for 21 and 42 days for
Rorippa amphibia, Rorippa sylvestris and their hybrid (n=9); sub: submerged, semi:semi-submerged.

genotypes [Supplementary Information – Fig. S2b]. Sucrose levels were higher after 21
days of air contact in the escapers, but after 42 days of air contact, levels were comparable to
submerged plants. Rorippa sylvestris maintained higher underground starch levels regardless
of being fully or semi-submerged.

DISCUSSION
Flooding can shape plant species distributions along a submergence gradient and can act
as a strong selective pressure for key adaptations, potentially leading to speciation (Keddy,
1984; Silvertown et al., 1999; Vervuren, 2003; Van Eck et al., 2004; Lenssen & De Kroon,
2005; Voesenek et al., 2006). We have shown that two wetland species Rorippa amphibia and
Rorippa sylvestris from habitats with different flooding regimes, display different tolerances
and survival strategies for submergence stress: R. amphibia has adopted the escape strategy
and R. sylvestris the quiescence strategy.
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Table 3 Summary of the contrast analyses between parental genotypes and the hybrid for the change
from starting values (day 0) to 37 days of submergence (second experiment). For instance, the
decrease in aboveground DW from day 0 till day 37 (of submergence) does not differ among all three
groups (cf. the slopes in Figure 5a)
R. amphibia vs
R. sylvestris
Response
variable

R. amphibia
vs hybrid

R. sylvestris
vs hybrid

F-value contrast

Conclusion

BG DW
(g)

0.49

0.69

0.02

H=S=A

AG DW
(g)

0.26

0.09

0.04

H=S=A

AG glucose
(mgg-1DW)

4.33*

10.91**

1.50

H=S<A
S dominance

AG fructose
(mgg-1DW)

16.14***

11.59**

0.38

H=S<A
S dominance

AG sucrose
(mgg-1DW)

46.95***

9.15**

14.64***

S>H>A
Additivity

AG starch
(mgg-1DW)

10.58**

10.71**

0.00

H=S>A
S dominance

BG glucose
(mgg-1DW)

1.06

1.87

5.75*

H≥A=S
Overdominance

BG fructose
(mgg-1DW)

0.35

6.86*

10.33**

H>S=A
Overdominance

BG sucrose
(mgg-1DW)

2.27

1.05

0.23

H=S=A
Inconclusive

BG starch
(mgg-1DW)

8.39**

7.16*

0.10

H=S>A
S dominance

BG total carbs.
(mgg-1DW)

8.47**

4.47*

0.82

H=S>A
S dominance

AG total carbs.
(mgg-1DW)

7.08*

5.24*

0.14

H=S>A
S dominance

BG, belowground; AG, aboveground; DW, dry weight; A, Rorippa amphibia; S, Rorippa sylvestris;
H, hybrid; carbs, carbohydrates; significance levels, * P<0.05, ** P<0.005, ***P<0.0005.
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When submerged, R. amphibia displays an escape strategy defined by prolonged stem
elongation in an attempt to reach the surface and supply the submerged tissues with oxygen
necessary for respiration. Supported by aerenchyma tissue, this strategy could be very
beneficial when floods are long lasting and relatively shallow, allowing plants to restore air
contact and thus internal aeration (Bailey-Serres & Voesenek, 2008). In contrast, R. sylvestris
displays a quiescence strategy by minimizing its growth and conserving carbohydrate
reserves. Since R. sylvestris occupies habitats with deeper and transient floods (Jonsell,
1968; Blom, 1999), the quiescence strategy can increase the fitness of the plant by avoiding
consumption of carbohydrates in growth processes. The high levels of carbohydrates we
measured in this species even after 79 days of complete submergence suggest that underwater
photosynthesis may also play an important role in survival of R. sylvestris (Mommer &
Visser, 2005; Mommer et al., 2006b; Stift et al., 2008). We observed increasing levels of
sucrose in belowground tissues of all the genotypes under submerged conditions but more
in R. sylvestris. Sucrose plays an important role in the onset of the quiescence strategy in
rice (Kudahettige et al., 2011) and in submergence tolerance of Arabidopsis thaliana (Loreti
et al., 2005) and might also be crucial for the extreme submergence tolerance in Rorippa.
Increasing sucrose levels in shoots might be a result of efficient underwater photosynthesis,
which would enhance tolerance.

CHAPTER 2

Yellowcress species have contrasting strategies to cope with flooding

After five weeks of complete submergence R. sylvestris had larger starch reserves than either
of the other genotypes, both above and belowground. A previous study of R. amphibia and
R. sylvestris roots using Arabidopsis GeneChip microarrays showed that genes related to
carbohydrate catabolism (SUS1, ADH1, PDC1) are up-regulated in all genotypes upon 24
hours of submergence, but to a greater extent in R. amphibia (Boonman et al, unpublished
data). In addition to this initial up-regulation, we showed ADH1 and SUS1 are down-regulated
at later stages of complete submergence. It has also been shown that in A. thaliana, ADH and
PDC1 are initially up-regulated under anoxia but levels decline at later stages (Loreti et al.,
2005). However, in R. amphibia, ADH1 and SUS1 transcript levels were higher even after
6 days of complete submergence in contrast to the low levels in R. sylvestris. This might
explain the lower consumption of carbohydrates and a higher survival in R. sylvestris. The
quiescence strategy controlled by SUB1A-1 in rice is also defined by lower growth rates
and conservation of carbohydrates in spite of induction of fermentation genes (Fukao et al.,
2006). The high correlation in transcript levels of ADH1 and SUS1 in different treatments and
genotypes supports that these pathways are co-regulated in Rorippa.
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Stem elongation can be an efficient process to reach the surface. Nevertheless, growing
tissues need energy, which would lead to a faster depletion of carbohydrates by anaerobic
metabolism under low oxygen (Bailey-Serres & Voesenek, 2008; Bailey-Serres & Voesenek,
2010). Complete depletion of aboveground starch in R. amphibia after 20 days of submergence
and higher ADH1 and SUS1 transcript levels support the fact that elongation demands high
levels of energy (Groeneveld & Voesenek, 2003). Glucose and fructose levels were also
higher in R. amphibia, possibly because of the breakdown of starch reserves for glycolysis
and anaerobic metabolism to supply ATP for growth (Perata & Alpi, 1993; Guglielminetti et
al., 1995; Perata et al., 1996).
In all the genotypes, a rapid reduction of carbohydrates was observed within the first week
of submergence, followed by increasing or stable levels in the later weeks. Consumed
carbohydrates might be supplied to organs that undergo acclimations for submergence which
can include newly formed leaves with more aerenchyma tissue and/or higher underwater
photosynthesis ability and tissues more resistant to reactive oxygen species (Voesenek et
al., 2006). The increase in carbohydrates after the second week also indicates that the plants
acclimated to the submergence stress. As a result, plants mostly had healthy and green leaves
even after three weeks of complete submergence, although there were significant effects of
submergence on biomass and carbohydrate content in all the genotypes.
Although starch was completely depleted in 20 days, the carbohydrate levels recovered at
a later stage (37 days of complete submergence) in R. amphibia. This may be the result
of most of the stem elongation, taking place in the first two weeks of submergence. After
stem growth ceased, the plant might have accumulated more carbohydrates by increased
underwater photosynthesis of the stem and its small leaves (Raskin & Kende, 1984; Beckett
et al., 1988). Additionally, observed increases in trehalose levels might also have been a
factor increasing submergence tolerance since this carbohydrate appears to improve tolerance
to several abiotic stresses (Chen & Murata, 2002; Garg et al., 2002).

Hybrids are mostly escapers, and are able to elongate a stem while conserving
carbohydrates
In growth and morphology, the hybrid displayed an escape strategy, although the effect
of the treatment on stem elongation was not as strong as in R. amphibia. Surprisingly, the
carbohydrate levels were overall comparably high to those in R. sylvestris. The hybrid had a
similar level of aboveground carbohydrate reduction to R. sylvestris in the first experiment
(after 20 days of submergence) and similar patterns of both above and belowground
carbohydrate concentrations in the long-term experiment (after 37 days of submergence).
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This explains the higher survival of the hybrid compared to R. amphibia, and could be due
to the presence of the mechanisms of the R. sylvestris parent for conserving carbohydrates,
or due to more efficient underwater photosynthesis. Potentially, this could also lead to higher
fitness of hybrids than their parents under certain field conditions. Hybrids are often found in
flood plains where both parents are present, occupying intermediate locations (Bleeker, 2004;
Bleeker, 2007). The intermediate levels of the hybrid in various traits suggest that neither
of the parental strategies is dominant over the other, in agreement with such a distribution
pattern in the wild (Bleeker & Hurka, 2001).

Quiescent R. sylvestris lacks the recovery mechanisms of the escape strategy
after reaching the water surface
Although R. amphibia inhabits sites that can be completely submerged, it has a lower survival
rate compared to R. sylvestris since the latter shows no mortality even after more than three
months of submergence. The depth of submergence determines the stem length necessary
to reach the surface and hence the carbohydrate demands for this elongation. It has been
showed that reaching the water surface favors fitness related traits (Pierik et al., 2009; Chen
et al., 2011) but the effect on survival has never been shown before. If plants are able to reach
the surface, survival is improved significantly in R. amphibia and the hybrid. Some plants
showed mortality even after air contact was established; possibly because of the existing
damage caused by the long complete submergence period or the sudden switch to normoxia,
resulting in oxidative damage. Upon establishing air contact, surviving plants of both R.
amphibia and the hybrid grew extensively above the water level. This phenotype was almost
completely absent in R. sylvestris after partial air contact establishment. This suggests that a
quiescent period in this species extends to a semi-submerged state, and that vigorous growth
is resumed only after a further drop in the water table, and restoration of normoxic conditions
belowground. The lower porosity in R. sylvestris might explain the absence of a recovery
after air restoration. Since the stem above the water surface cannot function as an efficient
snorkel when sufficient aerenchyma is absent, the parts under water might remain anoxic for
a longer time. We also observed that as soon as R. sylvestris was de-submerged completely,
clones were emerging from rhizomes, forming new healthy plants within weeks (personal
observation), possibly enhanced by the higher carbohydrate levels in belowground tissues.

Submergence tolerance strategies and clonal growth
The escape and quiescent strategies of the species are correlated with other aspects of
clonal growth. Although both of the species are rhizome sprouters (Jonsell, 1968), clonal
growth from rhizomes is more vigorous in R. sylvestris, possibly stimulated by the high
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levels of carbohydrates in belowground tissues. This trend is also observed under submerged
conditions and can increase plant survival by means of rhizome sprouts after a prolonged
flood even if aboveground tissues completely die. It has been shown that adventitious bud
formation after a heavy injury increases fitness in Rorippa palustris (Klimesová & Klimes,
2007; Klimesova et al., 2008). The higher abundance of rhizome sprouting clonal species in
wetlands (Sosnova et al., 2010) might be due to higher survival achieved by this strategy.
During semi-submergence, we observed that the growing aboveground parts of the escapers
were forming adventitious roots in stems and leaves, and were becoming detached from the
slender underwater stem. This was also observed in naturally flooded areas, where emergent
R. amphibia plants can become detached from the underwater stems, float around and settle
at a different location (Jonsell, 1968). This slender and deteriorating stem might explain the
low recovery in biomass of the root system compared to the vigorous aboveground tissues,
due to inefficient transport of resources to belowground tissues.
In conclusion, R. amphibia, R. sylvestris and their hybrid all exhibit extreme submergence
tolerance, which is achieved by different strategies selected by their natural habitats. Escaper
R. amphibia invests in elongating its stem and consumes its carbohydrate reserves in order to
reach the floodwater surface and if this is not established, plants from this species die sooner
than those of their quiescent relative R. sylvestris, which shows a higher survival by limiting
growth and conserving resources. Their hybrid also displays an escaper strategy but at the
same time conserves its carbohydrates better than R. amphibia and thus has lower mortality.
Being close relatives of the model plant Arabidopsis, Rorippa species constitute a good model
for studying the molecular basis of extreme submergence tolerance with their escape and
quiescence strategies. Although the mechanisms of these responses are largely unknown, the
opportunities of using information from Arabidopsis will accelerate the research to unravel
the genetics underlying these strategies. Many advantages such as ease of cloning genes
by using available Arabidopsis sequence data and applicability of gene expression assays
designed for Arabidopsis increases the potential of Rorippa flooding research.
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Submergence tolerance in Rorippa and Rumex

SUMMARY
Background and Aims The response to submergence and hypoxia have been extensively
studied in rice (moderately flooding tolerant) and Arabidopsis (flooding sensitive), in
combination with the regulatory role of group VII ethylene response factors (ERFs). Our aim
was to comparatively study flooding tolerances in Rumex and Rorippa species and investigate
the evolutionary relationships among their group VII ERFs with those in other angiosperms.
Methods We studied changes in carbohydrates and growth in four species with different
strategies to cope with submergence: Rumex palustris and Rorippa amphibia with a strong
shoot elongation response to re-establish air contact (escape), and Rumex acetosa and Rorippa
sylvestris with a limited growth response underwater (quiescence). We also analyzed the
gene expression and syntenic and phylogenetic relationships of group VII ERFs in Rorippa
and Rumex with orthologs in other angiosperms.
Key Results We found that there are similar escape and quiescence strategies in Rumex and
Rorippa. We also showed that angiosperm group VII ERFs can clearly be split into two clades
based on synteny and phylogenetic analysis (synteny block I and block II). Constitutively
expressed synteny block I genes are good candidates as oxygen sensors increasing survival.
There are no obvious conserved patterns of group VII ERFs in Rorippa and Rumex that could
explain the parallel evolution of escape and quiescence strategies.

Conclusions Submergence tolerance is orchestrated by a complex network of factors such
as carbohydrate availability, molecular modifications and morphological function. Similar
strategies are present in Rorippa and Rumex, and although group VII ERFs are involved in
both genera, we did not find support for convergent evolution and similar regulation patterns
of these genes.
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Flooding is a recurring event in many ecosystems and plays an important role in shaping
vegetation composition and dynamics in flood-prone areas, due to the dramatic impact of
submergence on plant performance and survival (Silvertown et al., 1999; Vervuren, 2003;
Voesenek et al., 2004). Agricultural fields are also increasingly exposed to flooding, resulting
in severely reduced yields in many crops (Bailey-Serres & Voesenek, 2008). Considering
the prediction that due to the changing climate flooding events will become more frequent,
widespread and severe (Milly et al., 2002; Durack et al., 2012), a better understanding of
how plants cope with flooding may help to increase crop tolerance and yields in flood-prone
areas.

CHAPTER 3

INTRODUCTION

Submergence is a compound stress involving many factors. Underwater gas diffusion is
10,000 times slower compared to air (Armstrong, 1980). The subsequent reduction of CO2
and O2 exchange with the environment hampers plant metabolism, leading to an energy/
carbon crisis as well as the accumulation of toxic by-products (Colmer & Voesenek, 2009).
Furthermore, water turbidity frequently leads to extreme low-light conditions, further
limiting photosynthesis in submerged plants (Vervuren, 2003; Parolin, 2009). Thus, extended
flooding events are fatal for most plant species, despite the fact that modern terrestrial plants
evolved from aquatic ancestors. Interestingly, terrestrial plants have re-adopted an aquatic
lifestyle more than 200 times during the evolutionary course of the angiosperms (Cook,
1999), and diverse adaptations have evolved for surviving submergence stress. These include
development of aerenchyma tissue, development of specific leaf morphologies, formation
of gas films around leaves to facilitate gas diffusion, shifting to anaerobic metabolism in the
absence of oxygen, and the ability to deal with toxic by-products of an altered metabolism
(Smirnoff & Crawford, 1983; Colmer & Pedersen, 2007).
More in general, two main strategies have been identified in higher plants in response to
flooding; escape and quiescence (Bailey-Serres & Voesenek, 2008). The escape strategy
consists of traits that facilitate a faster exchange of gases between the environment and the
plant (shoot elongation, aerenchyma)(Voesenek & Blom, 1989; Hattori et al., 2009; Manzur
et al., 2009; Akman et al., 2012). In contrast, in a quiescence strategy, which is beneficial
in deeper floods, valuable carbohydrates are conserved via traits that suppress growth and
energy expenditure, in order to rapidly resume growth after the flood water recedes (Xu &
Mackill, 1996; Akman et al., 2012).
Extensive research in rice cultivars has revealed a key role for a specific group of the Ethylene
Response Factors (ERFs) for the onset of quiescence and escape strategies. (Fukao et al.,
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2006; Xu, 2006; Hattori, 2007; Fukao & Bailey-Serres, 2008; Hattori, 2008; Hattori et al.,
2009; Bailey-Serres et al., 2012). One of these transcription factors, SUB1A was identified as
part of a cluster of three group VII ERFs essential for flooding tolerance in lowland rice (Xu,
2006). Transcriptional activation of SUB1A upon flooding increased fermentation capacity,
but inhibited shoot elongation, carbohydrate reserve breakdown and gibberellin sensitivity
(Fukao et al., 2006; Fukao & Bailey-Serres, 2008). Other rice group VII ERFs, SNORKEL1
and SNORKEL2, activate rapid shoot elongation in deep water rice, conferring an escape
strategy, presumably by a GA mediated mechanism (Hattori et al., 2009; Nagai et al., 2010).
Unlike rice, Arabidopsis lacks the characteristic elongation or quiescence responses.
Nevertheless, group VII ERFs are also regulated upon hypoxia, and enhance submergence
and hypoxia tolerance in Arabidopsis (Hinz et al., 2010; Licausi et al., 2010). This has been
suggested to occur via the observed effect of group VII ERFs on the activation of fermentation
and sucrose synthase expression. Recently, members of group VII ERFs were identified as
low-oxygen sensors in Arabidopsis (Gibbs et al., 2011; Licausi et al., 2011), transported from
the cell membrane to the nucleus under low oxygen and thereby activating transcription of
hypoxia related genes. It was speculated that the constitutively present Arabidopsis group
VII ERFs, RAP2.12 and RAP2.2, switch on a cascade of early hypoxia responsive genes
including other group VII ERFs (Sasidharan & Mustroph, 2011).
Despite the extensive work on association of group VII ERFs with flooding and hypoxia, it
is still unknown if and how they are involved in differences in flooding tolerance and shoot
elongation in other more flooding tolerant plant species. Furthermore, the evolutionary history
of these genes is unclear. Therefore, our aim with this study is to clarify the evolutionary
relationships of group VII ERFs and their role in conferring growth strategies and tolerance
by studying species that show distinct adaptive growth strategies upon submergence.
We first investigated the physiological changes in four species from two genera under
submergence. Two of these species, Rumex palustris and Rorippa amphibia showed an
elongation response (escape), and two species, Rumex acetosa and Rorippa sylvestris showed
a quiescence response (Rijnders et al., 1997; Vriezen et al., 2000; Stift et al., 2008; Akman
et al., 2012). All four species commonly occur in European floodplains, but have their
own characteristic flooding-regimes (Jonsell, 1968; Voesenek et al., 2004). By analyzing
carbohydrate changes and growth patterns, we aimed to reveal if and how the functioning
of the two survival strategies present in rice are comparable between these two distinct
lineages (Asterids - Rumex and Rosids - Rorippa). Additionally, we studied the diversity and
expression patterns of group VII ERFs of Rorippa and Rumex, as the most likely regulators of
these strategies. By coupling tissue-specific ERF expression with physiological alterations,
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our aim was to reveal the ecological and evolutionary significance of the group VII ERFs
in mediating the adaptive growth strategies during submergence. In order to compare the
evolutionary and regulatory patterns of Rorippa and Rumex group VII ERFs with other
species, we analyzed the synteny relationships in several angiosperms. We also compared our
results with previously published expression patterns of Arabidopsis, rice, poplar, soybean
and cotton.

Plant material and experimental set up
Rumex palustris and Rumex acetosa seeds were germinated on floating polyethylene beads
for 10 days (12 h light at 25° C and 12 h dark at 12° C). Rorippa amphibia and Rorippa
sylvestris plants were propagated from rhizomes collected and surface sterilized by using
10% (v v-1) bleach solution for 8 minutes and washed 3 times with deionized water. The
rhizomes were later cut in 2-3 cm fragments and placed on 0.8% agar (Duchefa, Haarlem, The
Netherlands) and 0.5X MS (Duchefa, Haarlem, The Netherlands) media (pH 5.7). Rhizomes
were allowed to sprout in a germination cabinet (Sanyo MLR-350; Sanyo, Etten-Leur, The
Netherlands) for 10 days with 16 h photoperiod at 20°C. Single plantlets were transferred
to sand until they developed roots for 10 days. Rumex seedlings and Rorippa plantlets were
transplanted to a soil and sand mixture (2:1) supplied with nutrients (7.5 mmol NH4SO4, 15
mmol KNO3, 15 mmol KH2PO4, 86.4 umol FeEDTA, 4.27 MnSO4, 0.25 umol ZnSO4, 4.23
nmol CuSO4, 8.5 nmol H3BO3, 52.2 pmol Na2MOO4 divided over 42 pots) and grown for 18
days in a climate chamber with 16 h photoperiod (160 μmol m-2 s-1, PAR, 8 h dark 20° C;
70 % relative humidity). Initial plant size, at the start of the experiment, was standardized
between species, and for each species a homogenous set of a similar developmental stage
was selected. The tubs (55X36 cm, depth 25 cm) were filled with water one day before the
experiments started. One day later and four hours after the photoperiod started (in the light
chambers), the plants used for submergence treatment were placed in these tubs in darkness.
Water depth (25 cm) was sufficient to prevent plants from reaching the surface for the duration
of the submergence treatment. For dark controls, plants were put in the same chamber used
in submergence treatments, but in tubs regularly watered to prevent drying out. The climate
chamber used for submergence and dark treatments had the same conditions as the chambers
used for rearing the plants, except that the lights were switched off during the experiment.
For air light controls the same number of plants as used in submergence and dark treatments
were left in the growing chamber without changing the conditions. Two experiments were
performed with the same set-up; one for survival assays and shoot elongation measurements
and the second for gene expression analyses and carbohydrate measurements.
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Submergence survival and shoot elongation measurements
We grew 200 plants for each species and selected a homogenous subset of 80 plants per
species to be used in survival assays. At the start of the experiment roots and shoots of ten
plants per species were harvested separately for dry weight and carbohydrate measurements.
The plants were submerged as mentioned above, and at predetermined time points (4, 8,
12, 16, 20, 25, 30, 40 days) ten plants per species were taken out of water. The petiole and
lamina length of the youngest leaf with a visible lamina at the start of the experiment was
measured at 4, 8, 12, 16 days using a digital caliper. Plants were put in the growth chamber
for a recovery period of 15 days. The youngest leaves of ten air light controls were also
measured at each time point for a comparison. After the recovery period submerged plants
were assessed as dead or alive by examining the newly growing green parts as an indication
of living meristems. Lethal median time, LT50 values were calculated by fitting a Weibull
function (Hosmer & Lemesshow, 1999) to the data.
Gene expression and carbohydrate analysis
For gene expression analyses a similar experiment was performed. Different from the
survival assay, dark controls were also included for both carbohydrate and gene expression
analyses. In total 450 plants were grown for each species and a homogenous subset of similar
developmental stage was either submerged in dark, put in darkness only or left in the growth
chambers as air light controls as mentioned above. After 5 days of the treatments, petioles
and laminas of the newly growing leaves, remaining shoot material and roots were sampled
separately and snap-frozen in liquid nitrogen. Three individuals were pooled together per
replicate for either carbohydrate analyses (3 replicates per species, treatment and tissue type)
or gene expression (5 replicates per species, treatment and tissue type). Samples were kept in
-80° C until RNA isolation or freeze-drying for carbohydrate analysis.

RNA isolations
RNA isolations and DNase treatments for Rorippa samples were done with RNeasy Mini
Kit and RNase-Free DNase Set (Qiagen Benelux B.V., Venlo, The Netherlands) according
to manufacturer’s instructions. RNA quantity and quality were assessed by using Nanodrop
and RNA intactness was checked on an agarose gel. RNA from Rumex tissues were extracted
with a modified version of the Kiefer Protocol (Kiefer et al., 2000), an additional ethanol
cleaning step of the RNA was implemented. DNAse treatment was done with the “Ambion
DNA-free” kit, according to manufacturer’s instructions.
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Degenerate primers designed for conserved regions of Arabidopsis group VII ERFs were
used to sequence and clone Rorippa group VII ERFs from cDNAs with standard protocols
(Sambrook & Russell, 2001). Based on sequences from at least ten independent clones for
each gene per species, qRT-PCR primers were designed for conserved regions between
species. The qRT-PCR primer sequences for Rorippa orthologs were (5’-3’);
HRE1 Forward 		
HRE1 Reverse		
HRE2 Forward		
HRE2 Reverse		
RAP2.2 Forward		
RAP2.2 Reverse		
RAP2.3 Forward		
RAP2.3 Reverse		
RAP2.12 Forward
RAP2.12 Reverse		
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Gene cloning and qRT-PCR

TGATTTCTTGTGGGAGGAGAA
CAAGAAGCTCTTCTGAAAGCAA
TCAGAGGAGCTCATGGCTTT
AAATGTCCACAGATTTAGGTCGAG
AGCCAAGAAGCTCAAAACCA
CTTCCTGAGTCACTGCACCA
AAGAAGCTCTGCGTTTCGTC
ATCGAGTTGACTCGGTTGCT
CATTGATTTCGAGGCACCTTA
AAGACTCCTCCAATCATGGAA

Rumex group VII ERFs were identified by 454 pyrosequencing of Rumex acetosa and
Rumex palustris petiole tissue under submerged and air conditions. The de novo assembly
of individual reads led to a high quality transcriptome (Hans van Veen et al., unpublished).
Using reciprocal BLAST analysis, group VII ERF sequences were identified. The qRT-PCR
primer sequences for Rumex are (5’-3’);
RpERF1 Forward		
RpERF1 Reverse		
RpERF2 Forward		
RpERF2 Reverse		
RpERF3 Forward		
RpERF3 Reverse		
RpERF4 Forward		
RpERF4 Reverse		
RpERF5 Forward		
RpERF5 Reverse		
RpERF6 Forward		
RpERF6 Reverse		
RaERF1 Forward		

GCAAATGCAAAGACAAACCA
TATGGGTTCCACCTTTCCAA
TGAGGAAGAAGAGGCTCAGG
ACTGCCCAATCCTCATCAAG
TCCTCAATCCTCCTCCTCCT
CTAATCGCGGCTTCAGAGTC
AGAGTTTGCTGGGTCTGGAA
GGGAACTGAAACTCGTCCAA
CCACTCTGTTGCTGTGAACG
CTTGTCCCCACTTCTTCGTC
TTCTTTGTCCGGGTCAACTC
ACTCCCCTCCTCAACCTCAT
CGAGCAGTGTAATGCCAAGA
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RaERF1 Reverse		
RaERF4 Forward		
RaERF4 Reverse		
RaERF5 Forward		
RaERF5 Reverse		

AGCATCAACAGCCCAGTTCT
AGCAGCACGGAGAACAGTCT
GCTCCAAACCGACCTCAATA
TGGGACTGGAGGAAGAAGTG
GTCCAAACACCACAAATCCA

Complementary DNA was synthesized according to manufacturer’s instructions with 500
ng RNA, 50 ng random hexamers (Invitrogen, Bleiswijk, The Netherlands) and 100 U
SuperScript III reverse transcriptase (Invitrogen, Bleiswijk, The Netherlands). Quantitative
PCR reaction mixtures included 2X SYBR green (Platinum SYBR green Supermix qPCR
UDG; Invitrogen, Bleiswijk, The Netherlands), 0.4 µl 10 µM of each primer, 0.08 µl 1/10
dilution 50× ROX reference dye and 25 ng cDNA in a total volume of 20 µl. The reactions
were performed with a real-time PCR system (Applied Biosystems, CA, USA) and relative
expression levels were calculated using the ΔΔCt method (Livak & Schmittgen, 2001)
and corrected for TUBULIN gene for Rumex and ACT2 gene for Rorippa transcript levels.
Similarly, absolute expression in control conditions was calculated with ΔCt method. The
fold changes and the constitutive expression were visualized with MeV software (Saeed et
al., 2003).

Carbohydrate analysis
Freeze-dried samples were weighed in a balance for dry weight analyses. A ground subsample
was used in the soluble carbohydrate and starch analyses according to Vashist et al. (2011).
In short, 10 mg powdered material was treated with 80 % methanol (76 °C, 15 min.). After
removal of methanol via freeze-drying the pellet was dissolved with milliQ. The supernatant
was run on HPLC (Dionex, Carbopac PA1column, electrochemical detection). The remaining
pellets were analyzed for starch using a commercially available kit (Boehringer, Mannheim,
Germany).

Group VII ERFs synteny analysis
The synteny relationships of all group VII ERFs of Arabidopsis thaliana (Thale Cress),
Arabidopsis lyrata (Lyrate Rockcress), Vitis vinifera (Grape Vine), Solanum lycopersicum
(Tomato), Glycine max (Soybean), Populus trichocarpa (Western Poplar), Medicago
truncatula (Barrel Medic), Theobroma cacao (Cacao), Prunus persica (Peach), Fragaria
vesca (Strawberry), Cucumis sativa (Cucumber), Cajanus cajan (Pigeon pea), Brachypodium
distachyon (Purple False Brome), Sorghum bicolor (Sorghum), Oryza sativa (Rice) and Zea
mays (Corn) were retrieved from Plant Genome Duplication Database (Tang et al., 2008).
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The number of homologous and collinear genes present between pairs of species was used
as the measure of synteny. The Cytoscape 2.8.2 software (Shannon et al., 2003) was used
for visualization of the syntenic networks using all pair-wise species comparisons. The
number of genes in synteny blocks were log-transformed and used as length identifiers of the
connector lines between the genes.

In order to resolve the relationships of Rumex group VII ERFs with the synteny blocks they
belong to, we analyzed the conserved motifs; the starting amino acids and the Apetala domain
in a phylogenetic tree for Arabidopsis, peach, grape, Rorippa, tomato and cacao. In total we
analyzed 244 nucleotide sequences by neighbor-joining method with a 1000 bootstraps in
MEGA 5 (Tamura et al., 2011). We also BLASTed the Rumex genes to PGDD (Plant Genome
Duplication Database) and investigated the genes showing the highest similarity in order to
reveal the most likely relationship of Rumex genes to our two identified syntenic blocks from
other species.

Group VII ERF expression data analysis
Based on previous microarray studies, an inventory was made for group VII ERF expression
upon hypoxia, flooding and waterlogging in Arabidopsis thaliana (Branco-Price et al., 2008;
Mustroph et al., 2009; van Dongen et al., 2009; Lee et al., 2011), Oryza sativa (LasanthiKudahettige et al., 2007; Jung et al., 2010), Populus trichocarpa (Kreuzwieser et al., 2009),
Glycine max (Nanjo et al., 2011) and Gossypium hirsutum (Christianson et al., 2010).
Two levels of regulation upon treatments were used based on fold change, |2logFC|>1, or
|2logFC|>3, both with a Padj.<0.05. In the case of multiple time-points an average fold change
was taken.

Statistical Analyses
We performed ANOVA analyses and post-hoc tests (Tukey’s b) to test differences in
initial carbohydrate levels and dry weight for both submergence experiments and for leaf
elongation. Six pairwise contrast analyses were performed for testing similarities between
reduction in both dry weight and carbohydrates between day 5 and 15 for all four species for
each treatment. All analyses were performed with SPSS 16.0 for Mac (SPSS Incorporated,
Chicago, USA).
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RESULTS
Rorippa species are more tolerant to submergence
All species showed high survival rates under dark submerged conditions, Rorippa
sylvestris being the most tolerant of all with a median lethal time, LT50, of 32 days (Fig.
1). Rorippa species survived submergence longer than both Rumex species that showed
similar submergence tolerances. At the start of the survival experiment, plants did not show
a significant difference in their dry weights (data not shown). All species had more starch
and more total carbohydrates in their shoot tissues compared to roots at the start of the
experiments (Fig. 2). Shoot carbohydrate contents varied significantly between the species;
Rumex species had less carbohydrates, Rumex palustris having the lowest amounts (Fig. 2a).
Although, there was a variation between different carbohydrates in the roots, the total content
did not show a significant difference between the species (Fig. 2b).

Fig. 1 Survival of Rorippa and Rumex species under complete submergence. Median lethal time, LT50
values and standard errors are indicated for all species.

Rorippa amphibia and Rumex palustris show escape strategy
Total leaf elongation was similar in air controls in the two Rorippa species and was mostly
due to a larger growth of the lamina (Fig. 3a). Both Rumex species showed a smaller growth in
air, Rumex palustris forming the smallest leaves. Rumex palustris showed most of the growth
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in the lamina similar to the Rorippa species, whereas Rumex acetosa mostly elongated its
petiole. All species also retained some leaf growth under submerged conditions (Fig. 3b).
Leaf elongation of the youngest leaf in Rorippa amphibia and Rumex palustris exceeded that
of Rorippa sylvestris and Rumex acetosa. Rorippa sylvestris and Rumex acetosa ceased leaf
elongation under submerged conditions at an earlier stage (after eight days), while Rorippa
amphibia and Rumex palustris still continued their leaf elongation. Rumex palustris showed
a substantial elongation of the petiole upon submergence, in contrast to the normal pattern in
air. Rorippa amphibia had mostly lamina elongation under submergence.

Fig. 2 Shoot and root soluble carbohydrate and starch content at the beginning of the survival
experiments for Rorippa and Rumex species. ANOVA post-hoc (Tukey’s b test) results are indicated on
the graphs, different letters meaning a significant difference at P<0.05. Roots did not show a significant
variation among species. Bars indicate standard errors.

Dry weight and carbohydrates are reduced under submergence
All species showed a marked decline in dry weight upon submergence between day 5 and 15
(Fig. 4). The difference between air light controls (data not shown) and either submergence in
dark or dark controls were approximately five-fold for Rorippa amphibia and Rumex acetosa
and three fold for Rorippa sylvestris and Rumex palustris after 5 days of treatments. After 15
days of submergence Rumex acetosa showed a greater decline in root tissues (Supplementary
Table). Submergence had a significant effect on carbohydrate contents and all species showed
a decline in total carbohydrate content after 15 days (Fig. 5). Nevertheless, carbohydrates
were not completely depleted in any of the species. In contrast to the other species, Rumex
acetosa also showed a very rapid depletion of both starch and soluble carbohydrates in roots
between 5 and 15 days, similarly to the decline in dry weight (Supplementary Table). The
newly growing leaf tissue contributed largely to the carbohydrate pool of Rorippa amphibia
after 5 days of submergence, unlike the pattern in Rorippa sylvestris. Rorippa amphibia also
showed the highest amount of carbohydrates in laminas amongst all species, confirming its
escape strategy for investing in new leaves.
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Fig. 3 Leaf elongation in Rorippa and Rumex species throughout 16 days of submergence and their
corresponding light controls in air. Petiole and lamina lengths are stacked to represent the whole leaf
length. ANOVA post-hoc results for total leaf elongation at day 16 are indicated on the graphs, different
letters meaning a significant difference at P<0.05 of petioles or lamina. Bars indicate standard errors.

Fig. 4 Dry weights of root, shoot, petiole and lamina tissues of Rorippa and Rumex plants after 5 and
15 days of dark treatments (dark controls) and submergence (submerged). Bars indicate standard errors.
Pair-wise ANOVA contrast analyses results for dry weight reduction (between 5 and 15 days) between
species is indicated in Supplementary Table.
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Fig. 5 Soluble carbohydrates and starch content in root, shoot, petiole and lamina tissues of Rorippa and
Rumex species after 5 and 15 days of dark treatments (dark controls) and submergence (submerged).
Bars indicate standard errors.

Identification of Rorippa and Rumex group VII Ethylene Response Factors and
synteny analysis
We cloned the Rorippa orthologs of the annotated Arabidopsis group VII ERFs. Six Rumex
palustris (RpERF1, RpERF2, RpERF3, RpERF4, RpERF5, RpERF6) and three Rumex
acetosa (RaERF1, RaERF4, RaERF5) genes were identified in the 454 RNA-seq analyses of
petioles. These gene sequences showed strong similarity with group VII ERFs of Arabidopsis
as well as other species such as cacao, tomato, grape and peach. By analyzing the starting
motif and the Apetala domain (AP2) within these genes, we found several gene clusters
within the two genera (Fig 6a). However, resolution of the gene family tree was limited, due
to the short length of the compared sequence and deep evolutionary relationships. Thus, we
sought other methods to unravel the evolutionary history and relationships within this gene
family.
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Fig. 6 (a) Gene family tree of group VII ERFs of Arabidopsis, peach, cacao, tomato, grape vine,
Rorippa and Rumex species based on alignment of the starting motifs and the AP2 domain (b) Synteny
relationships of group VII ERFs. Names of Arabidopsis genes are indicated, numbers in parenthesis
after the species names represent number of genes in synteny block I and II, respectively.

The analysis of colinearity and synteny using genomic data showed a much clearer picture.
Group VII ERF genes of both dicots (Arabidopsis, lyrate rockcress, grape vine, tomato,
soybean, western poplar, barrel medic, cacao, peach, strawberry, cucumber, pigeon pea) and
monocots (purple false brome, sorghum, rice and corn) clearly clustered into two separate
synteny blocks (Fig. 6b). The comparison of genes from all species showed that they all had
representatives in both blocks, and both groups showed similar levels of diversity and several
further duplication events. Arabidopsis genes HRE1, RAP2.12 and RAP2.2 were in the same
synteny block I (SBI). The other Arabidopsis genes HRE2 and RAP2.3 were contained in
the second synteny block (SBII). SUB1 genes could not be extracted from the Plant Genome
Duplication Database. Nevertheless, homology analyses of these genes indicated synteny
with SBI.
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9 ChrisJanson et al. 2010
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Arabidopsis thaliana

Os07g47790
Os01g21120

Fig. 7 Regulation of group VII ERFs in Arabidopsis under hypoxia, submergence and darkness; rice
under anoxia and submergence; poplar, soybean and cotton under waterlogging.

In both syntenic block clusters, there were Rorippa orthologs of the known Arabidopsis
genes and at least one gene from each Rumex species (cf. Fig. 6a, b). The analysis of
sequence homology of the conserved starting amino acids and the AP2 domain as shown on
the phylogenetic tree also supported the distinction of genes falling into these two synteny
blocks for Arabidopsis, tomato, peach, grape vine and cacao (cf. Fig. 6a, b). Rorippa genes
RoRAP2.2, RoRAP2.12 and RoHRE1, and Rumex genes RpERF1, RpERF2 and RaERF1 are
in SBI, whereas SBII contained Rorippa genes RoRAP2.3 and RoHRE2, and Rumex genes
RpERF3, RpERF4, RpERF5, RpERF6, as well as RaERF4 and RaERF5.

Synteny block II group VII ERFs are regulated under low oxygen stress
Transcriptional regulation data of group VII ERFs upon flooding and hypoxia stress was
retrieved from publically available microarray database (Fig. 7). These included five species
(Arabidopsis, rice, poplar, soybean & cotton) and a range of treatments and developmental
stages. The Arabidopsis ERFs RAP2.12 and RAP2.2 show no change in expression in
any tissues under any of the treatments (Fig. 7). HRE2 is induced only under low oxygen
treatments and root tissue of flooded Arabidopsis plants. HRE1, on the other hand, is up-
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regulated in all tissue types under low oxygen and flooding as well as in darkness. In contrast,
RAP2.3 shows induction only under submergence and dark treatments. Up regulation of both
HRE1 and RAP2.3 is higher upon submergence than in the dark.
The rice genome contains many more group VII ERFs than Arabidopsis. Furthermore,
there is considerable variation in the regulation of these genes. Anoxic coleoptiles (O.
sativa ‘Nipponbare’) show down regulation for most of the group VII ERFs (7 out of 11)
belonging to synteny block I and genes in synteny block II are mostly up-regulated (3 out
of 4). However, there is no consistency between flooded fully-grown plants and anoxic
coleoptiles. Upon submergence, in fully-grown plants (O. sativa ‘Japonica’ cv M202) only
block I genes SUB1A and SUB1C are up regulated. Synteny block II gene Os07g47790 shows
down regulation in submerged shoot tissues. Additionally synteny block I gene Os03g08490
and synteny block II gene Os01g21120 are down regulated in submerged shoots in the rice
variety with SUB1A insertion.
Two out of six group VII ERFs of poplar are up regulated, both belonging to synteny block
II. Soybean contains a large number of group VII ERFs, but only two, again synteny block II
members, are up regulated after waterlogging. Waterlogged root tissues of cotton shows upregulation in one gene from synteny block I and three genes from synteny block II.

Synteny block I genes are constitutively expressed in Rorippa and Rumex
We analyzed regulation of the ERF genes during submergence in darkness by using
two controls; air in light and air in dark after five days of the treatments. We compared
submergence in darkness to the dark controls to capture sole effects of submergence. We
also compared dark controls to light controls to detect expression patterns changing only in
darkness (Fig. 8).
To avoid confusion of gene names, we will refer to the Rorippa orthologs of Arabidopsis
genes (RAP2.2, RAP2.12, RAP2.3, HRE1 and HRE2) with initials Ra (Rorippa amphibia)
and Rs (Rorippa sylvestris) further in the text. Of the synteny block I genes, RaHRE1 and
RsHRE1 were up regulated both under darkness and submergence in both Rorippa species,
similar to the Arabidopsis ortholog. RaRAP2.12 and RsRAP2.12 showed higher constitutive
expression levels under normal conditions compared to other genes, especially so in Rorippa
sylvestris. This gene showed a down-regulation under darkness in all tissues and an additional
down-regulation under submergence in roots. Rorippa RaRAP2.2 and RsRAP2.2 genes were
down-regulated in darkness and only Rorippa sylvestris showed a slight induction under
submergence in shoot tissues and lamina of the growing leaf. Rumex palustris SBI gene
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Synteny block II genes are regulated under submergence in Rorippa but not in
Rumex
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RpERF1 showed high constitutive expression plus an up-regulation in darkness, but did
not show and additional up-regulation under submergence in darkness. Although it was not
highly expressed in normal conditions, Rumex acetosa gene RaERF1 was up-regulated in
darkness in all tissues and showed and additional up-regulation in aboveground tissues under
submergence. The Rumex palustris homolog of this gene RpERF1 showed similar patterns
in normal and dark conditions but had an additional induction in roots of submerged plants.

Synteny block II genes of Rorippa were not constitutively expressed as some SBI genes were
(Fig. 8). The Rorippa SBII genes RaHRE2 and RsHRE2 were highly induced in submerged
roots (>200 fold) similar to Arabidopsis. Additionally, this gene also showed an induction in
aboveground tissues of Rorippa amphibia, unlike Rorippa sylvestris. Although Arabidopsis
RAP2.3 is darkness regulated, this gene was down-regulated in Rorippa in most tissues in
darkness. However, there was an induction under submergence, especially in roots.
In contrast to Rorippa ERF genes, Rumex orthologs in synteny block II were expressed in
normal conditions, except for Rumex acetosa gene RaERF4. Rumex acetosa gene RaERF5
and Rumex palustris RpERF6 were darkness regulated but did not show an additional
induction under submergence. Although they were the closest homologs, Rumex ERF5 genes
showed a different pattern of regulation in the two species. The Rumex palustris gene was
down regulated both in darkness and submergence whereas Rumex acetosa gene was upregulated in both darkness and submergence.

High ADH1 expression in roots
ADH1 was up-regulated in roots of all the species under submergence (Fig. 8). This gene is
also up-regulated in all aboveground tissues of Rorippa species. Rumex acetosa showed an
up regulation in shoots and lamina but not the petioles. In addition, Rumex palustris did not
show an additional induction of ADH1 in submerged aboveground tissues as this gene was
already up-regulated in dark controls.
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Fig. 8 Expression profiling of group VII ERFs of Rorippa and Rumex in roots, shoots, petioles and
lamina. The first four columns represent log fold changes between darkness and submergence, second
four columns represent log fold changes between light and dark controls. The last four columns
represent constitutive expression under normal conditions, using ACTIN for Rorippa and TUBULIN
for Rumex as reference genes.

DISCUSSION
Growth strategies in Rumex and Rorippa under submergence
We found that Rorippa amphibia and Rumex palustris showed an escape strategy by
elongating their leaves, whereas Rorippa sylvestris and Rumex acetosa mostly showed a
quiescence strategy with a reduction of growth under submergence. In the previous chapter,
we already showed that Rorippa sylvestris survived complete submergence longer than
Rorippa amphibia when plants were submerged at a later stage; a stem was formed in both

54

Rumex species did not show a similar pattern in their survival as Rorippa species; although
Rumex acetosa adopted a quiescence strategy when submerged, survival was similar to that of
Rumex palustris. Rumex acetosa inhabits sites that are not frequently flooded and populations
encounter 10-14 days of flooding a year; However, exposure of Rumex palustris to flooding
is much higher, 25-35 days (Nabben et al., 1999). Although Rumex acetosa displayed a
quiescence strategy, submergence coping mechanisms common in more frequently flooded
plant species might be absent in this species, leading to a faster mortality even though growth
is reduced. In comparison, the other quiescent plant Rorippa sylvestris inhabits sites that
are more frequently flooded and may have evolved adaptations that are lacking in Rumex
acetosa.

CHAPTER 3

species and was the elongating organ to establish air contact in Rorippa amphibia (Akman
et al., 2012).

Although both escaping species elongate their shoots, they showed a different pattern in leaf
growth; elongation in Rorippa amphibia was mainly in the lamina, whereas in Rumex palustris,
the petiole was the primary growing organ under submergence. In the previous chapter, we
showed that there was an increase in carbohydrates in Rorippa species under submergence in
the light. This indicates that these species can profit from underwater photosynthesis, further
enhancing their tolerance to flooding (Stift et al., 2008; Akman et al., 2012). The stronger
elongation and expansion of leaves in Rorippa amphibia might be a strategy to increase the
underwater photosynthesis level, as the leaf grows closer to the water surface, the better
lit zone of the water column. Moreover, Rorippa amphibia in particular can also form a
long and slender stem under submergence. The newly growing leaves of the other species
with an escape strategy, Rumex palustris, were smaller compared to Rorippa amphibia,
and the leaf growth is mostly in the petioles. Despite observed underwater photosynthesis
(Mommer & Visser, 2005), the main function of elongation in Rumex palustris is thought to
be establishment of air contact, allowing re-aeration throughout the plant into the root tissue
(Colmer & Voesenek, 2009). Re-aeration of the roots might be less important for Rorippa
amphibia, given the observation that shoots that become detached from the slender stem can
form a new root system by clonal growth, and establish as new plants on the embankment.

Carbohydrate availability does not determine submergence tolerance
Both submergence and darkness treatments substantially lowered the soluble carbohydrate and
starch concentrations in all four species suggesting strong alterations in carbon metabolism
and consumption induced by the underwater environment. Furthermore, a dramatic reduction
of total plant dry weight was also observed. These demonstrate the severe effect of flooding
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on plant functioning.
The carbohydrate content at the start of the experiments could explain the survival differences
between the two genera; the more tolerant Rorippa species had more carbohydrates compared
to Rumex. Nevertheless, carbohydrate content did not correlate with survival for species
within the same genus. Rorippa sylvestris had less total carbohydrate content compared to
Rorippa amphibia both at the start of the experiments and also after 15 days of submergence,
counterintuitive to its higher survival under submergence. The carbohydrate content in the two
Rumex species also indicates that survival is not correlated to the carbohydrate availability.
Indeed, Rumex acetosa showed higher mortality after 15 days of submergence compared to
Rumex palustris, whilst the carbohydrate availability of Rumex palustris remains considerably
lower throughout the experiment. These results indicate that solely carbohydrate availibility
does not determine submergence tolerance.

Conserved ADH1 induction in submerged roots
In low oxygen conditions, anaerobic metabolism becomes the major source of NAD+ necessary
for glycolysis and indeed fermentative routes are induced in many species under low oxygen
(Bailey-Serres & Voesenek, 2008). We tested a key gene ADH1 in the ethanolic fermentation
pathway in order to confirm effects of submergence on Rorippa and Rumex species. In roots,
where the lowest oxygen levels are expected, ADH1 is induced in all the four species under
submergence. It has been shown that SUB1A induced ethanolic fermentation and similarly
in Arabidopsis HRE1 and HRE2 knockout mutants cannot induce ADH1 under low oxygen
conditions. Rorippa HRE2 orthologs are also highly induced in roots and might be involved
in ADH1 induction in these tissues. Rorippa species also showed an induction of ADH1 in all
aboveground tissues. Nevertheless, RsHRE2 as a possible inducer of low oxygen responsive
genes, is not up-regulated in shoots of Rorippa sylvestris, whereas RsHRE1 is. Thus, both
orthologs of HRE1 and HRE2 in Rorippa might be responsible for orchestrating induction
of ADH1 as is in Arabidopsis. In contrast, the Rumex species do not show a common pattern
that would explain regulation of ADH1 expression. Interestingly, we also did not identify any
root specific ERF induction in Rumex, which in combination with aboveground expression
patterns, indicate a complex mechanism of hypoxic gene regulation.

Evolutionary relationship of group VII ERFs
It has been hypothesized that ERFs and other AP2 domain containing transcription factors
evolved by transfer of AP2 domain containing HNH endonucleases of cyanobacteria
(by endosymbiosis) or viruses into earlier plants, which then was transposed and spread
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in the genome (Magnani et al., 2004). This theory explains why AP2 domain containing
transcription factors are only plant-specific in eukaryotes. This ancestral gene then gave
rise to a larger gene family, which has taken important roles in crucial aspects of plant
development and environmental adaptations. The phylogenetic relationships of ERFs have
been studied extensively in Arabidopsis, rice and soybean (Nakano et al., 2006; Zhang et al.,
2008). None of these studies investigated the genome evolution and synteny relationships of
these genes. The synteny analyses can resolve the evolutionary relationships of group VII
ERFs since evolutionary relationships studied by sequence homology can be uninformative
or even misleading when analyzing shorter fragments of conserved regions as in these
gene groups. In all the twenty plant species from across the angiosperms we analyzed,
including our study objects Rorippa and Rumex, we found at least three members for group
VII ERFs for each species. The two conserved synteny blocks suggested that all group VII
ERFs potentially evolved from two ancestral genes formed by a duplication event early in
angiosperm evolution.

Expression and functional divergence of group VII ERFs
Differential expression patterns of the two synteny blocks indicated functional variation and
distinct regulation mechanisms. In our analysis of microarray data for Arabidopsis, rice,
poplar, soybean and cotton, we found that most genes in SBI are not regulated under low
oxygen stress, whereas numerous SBII genes are induced. Arabidopsis HRE1 gene is an
exception, as it is highly induced by low oxygen although it belongs to SBI. The other genes
in this synteny block, RAP2.2 and RAP2.12 are duplicates that presumably evolved as a result
of a more recent duplication event (the α-event) (Tang et al., 2008) since the direct synteny
between them is still conserved and they share high sequence homology. HRE1, on the other
hand, most likely evolved by the older γ or β-event and lost its direct synteny with the other
two genes as a result of numerous chromosomal rearrangements. This gene then might have
gone through a loss/gain of function and a switch in its regulatory mechanisms, resembling
that of the other SBII genes, HRE2 and RAP2.3.
In rice the regulation of the escape and quiescence strategies have been ascribed to the group
VII ERFs. Transcriptional activation of SUB1A mediates a quiescence strategy, whereas
SNORKEL1 and SNORKEL2 are highly induced and activate underwater shoot elongation
(Fukao et al., 2006; Hattori et al., 2009). Indeed, specific regulation is observed in the
primary elongating internodal part (Singh et al., 2009). Although not expressed in normal
conditions, synteny block II genes RaHRE2 and RsHRE2 were induced in submerged roots
of both Rorippa species. This gene was also up-regulated in shoots and lamina of Rorippa
amphibia but not in aboveground tissues of Rorippa sylvestris. This difference in expression
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makes Rorippa HRE2 orthologs candidates for regulating the difference between the Rorippa
species, as especially lamina growth is the main form of growth in the youngest leaf.
Recently, group VII ERFs of Arabidopsis have been shown to act as low oxygen sensors
initiating transcription of hypoxia induced genes and ceasing activity under normal oxygen
conditions through degradation by the N-end rule (Gibbs et al., 2011; Licausi et al., 2011).
Nevertheless this mechanism is absent in rice for SUB1A locus but still might be present in
Rorippa and Rumex species. It has been hypothesized that higher constitutive expression of
oxygen sensing group VII ERF genes might be indicative of higher submergence and/or low
oxygen tolerance (Sasidharan & Mustroph, 2011). Rumex palustris RpERF1 and Rorippa
sylvestris RsRAP2.12 ortholog were highly expressed constitutively in all tissue types and
are good candidates as low oxygen sensors. RAP2.12 orthologs are also expressed in normal
conditions in Rorippa, especially in Rorippa sylvestris. The lower levels of this hypothetical
oxygen sensor combined with consumption of carbohydrates for growth might be leading
to lower survival in Rorippa amphibia compared to Rorippa sylvestris. Higher expression
of RpERF1 might be one of the factors that increase survival of Rumex palustris, although
it is an escaping species and consumes carbohydrates for growth. These genes might be
responsible for initiating expression of submergence-induced genes that are important in
submergence acclimations and enhance survival as shown in Arabidopsis (Gibbs et al., 2011;
Licausi et al., 2011).
Rumex acetosa might not be as responsive to low oxygen as the other species since we did
not observe a high constitutive expression of any synteny block I genes; RaERF1 was only
slightly expressed in normal conditions. This might lead to a lower ability to rapidly activate
the hypoxia-induced genes such as the genes of anaerobic metabolism. Indeed, root tips of
R. acetosa were found to suffer more from hypoxia than R. palustris (Voesenek et al., 1993).
A lack of a strong selection pressure in the less frequently flooded habitats of Rumex acetosa
might explain the absence of a sensitive sensing mechanism to low oxygen, which leads to
higher mortality in submerged environments.

Rumex acetosa has fewer regulated group VII ERFs
Interestingly all the synteny block I genes of Rumex are darkness induced in roots and shoots,
two of which (RpERF2 and RaERF1) also show induction in the growing leaf. These genes,
showing no additional induction under submergence, might be regulated by the decreased
carbohydrate concentrations after photosynthesis is arrested in the dark. The low levels of
carbohydrates in darkness might also explain the absence of a further induction in these genes
under submergence as carbohydrate levels are reduced under both stresses.
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Additionally, in Rumex we did not find any up regulation resembling that of HRE2 orthologs
in Rorippa roots. So the Rumex genes were not extremely up-regulated, or missing in
our analysis. The gene sequences for group VII ERFs of Rumex were extracted from
454-sequencing of transcriptomes of submerged and control petiole tissues and considering
that HRE2 orthologs expressed in root tissues, rather than in the petiole might not have been
picked up. The lower number of group VII ERFs in Rumex acetosa also indicates that either
fewer genes are induced under submergence or that these genes are lacking or lost in this
species. Though we cannot exclude a role of unknown root specific group VII ERFs, our data
suggest that, similarly to rice, the Rumex genus does not have the drastic HRE-like induction
of group VII ERFs in roots.
In conclusion, submergence tolerance is not determined by a single factor such as carbohydrate
availability, molecular modifications or morphological function but rather orchestrated by a
more complex network of these factors. We showed that there is no conserved tissue-specific
expression of a group VII ERF that would be a likely regulator of escape and quiescence
strategies, indicating that elongation growth is regulated differently in these two dicot genera
compared to rice. Rather, we suggest that the observed regulation of group VII ERFs is
more related to phylogenetic lineage as demonstrated by the genus specific expression
patterns. Although similar strategies are present in Rorippa and Rumex, their onset and their
advancement might be regulated and achieved by different mechanisms. However, the high
constitutive expression of some group VII ERFs in synteny block I, which could potentially
act as oxygen sensors, likely play a role in the relatively high survival of both Rorippa
sylvestris and Rumex palustris. The four species studied represent a variety of strategies
and evolutionary lineages of flooding selection pressures. Therefore further evolutionary and
functional analysis of group VII ERFs in these two genera will be essential to reveal their
importance and significance in mediating adaptation to submergence.
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SUPPLEMENTARY INFORMATION
Supplementary Table. Contrast results comparing the reduction between species in 5 and 15 days of
the treatments.
submergence treatment
Contrast
comparison

Root
DW

Root
soluble
carbs

Root
starch

Root
soluble
carbs

Root
starch

Root
DW

R. amphibia vs.
R. sylvestris

0.855

0.345

0.93

0.447

0.854

0.447

R. amphibia vs.
R. palustris

0.402

0.69

0.598

0.612

0.956

0.612

R. amphibia vs.
R. acetosa

0.000

0.000

0.019

0.000

0.017

0.000

R. sylvestris vs.
R. palustris

0.496

0.196

0.656

0.796

0.813

0.796

R. sylvestris vs.
R. acetosa

0.000

0.000

0.023

0.000

0.016

0.000

R. palustris vs.
R. acetosa

0.000

0.000

0.066

0.000

0.019

0.000

DW: dry weight; carbs: carbohydrates.

60

darkness treatment

CHAPTER 4
A submergence tolerance QTL, Come Quick Drowning 1 (CQD1), on
Chromosome 5 in Arabidopsis thaliana
Melis Akman, Rogier Kleine, Peter H. van Tienderen and M. Eric Schranz

A submergence tolerance QTL in Arabidopsis

SUMMARY
Background and Aims Many genes have already been identified that affect hypoxia and/
or anoxia tolerance in Arabidopsis , using microarray studies and by comparison to rice
submergence tolerance research. In this study, we perform an unbiased approach, quantitative
trait locus (QTL) analysis in Arabidopsis to identify potentially novel candidate genes for
increased submergence tolerance.

Methods We performed survival assays after submergence with Kas-1 and Col (gl1)
accessions of Arabidopsis thaliana and a set of Kas-1/Col (gl1) recombinant inbred lines
(RILs), using various submergence conditions and media. We then measured survival after
submergence in dark (3-13 days) and used median lethal time, LT50 values for the QTL
analysis. Finally, we constructed and tested near isogenic lines by backcrossing for finemapping of one specific QTL region.

Key Results A single QTL, the Come Quick Drowning (CQD1) locus, on the lower arm of
chromosome 5 was detected by using LT50 values from submergence assays with RILs. None
of the QTLs related to size, leaf number, flowering or tolerance in darkness overlapped with
CQD1. Fine mapping experiments indicated that the region linked to the last three markers in
CQD1 has an effect on submergence tolerance.

Conclusions The CQD1 region includes genes that have potential to be novel candidates
affecting submergence tolerance. Gene expression and functional analysis for these genes
would reveal the significance of candidates and provide new perspectives for understanding
submergence tolerance.
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Waterlogging and submergence lead to loss of twenty percent of annual crop yield as a result
of seasonal floods (Normile, 2008a). With rising water levels, the area of agricultural fields
that is affected will gradually increase and become a major problem worldwide (Arnell &
Liu, 2001). When completely flooded, plants are unable to get the oxygen necessary for
respiration as a result of limited gas diffusion under water, and anoxic/hypoxic conditions
lead to rapid mortality (Bailey-Serres & Voesenek, 2008). In order to overcome catastrophic
effects of floods on crops, it is important to broaden the knowledge on physiology and
genetics of submergence tolerance.

CHAPTER 4

INTRODUCTION

There has been extensive research on submergence tolerance of frequently flooded rice
varieties (Fukao et al., 2006; Xu et al., 2006; Hattori et al., 2009). The discovery of a set
of ethylene response factor (ERF) genes, SUB1A and SNORKEL1 controlling different
tolerance strategies led to a better understanding of how plants survive submergence stress
(Xu & Mackill, 1996; Hattori, 2007). Rice varieties with SUB1A show a quiescence strategy
by limiting gibberellic acid (GA) activity through GA signaling repressors Slender Rice-1
(SLR1) and SLR1 Like-1 (SLRL1) and thus inhibiting growth under water and conserving
carbohydrate reserves (Fukao & Bailey-Serres, 2008; Bailey-Serres & Voesenek, 2010). This
strategy enables plants to endure floods for a longer period and flourish after the floods have
subsided. By introgression of the SUB1A locus to submergence intolerant varieties, the rice
yields in flood prone fields were increased significantly (Singh et al., 2009). Another strategy,
controlled by SNORKEL genes, enables plants to grow above the water surface and supply
the plant with O2 and other gases necessary for survival (Hattori et al., 2009).
Both SUB1 and SNORKEL genes are members of the group VII (B-2) subfamily of ERF
genes that are distinguishable by their DNA binding domains and N-end motifs (Nakano et
al., 2006). In addition to the ERF genes, the major factors acting on submergence tolerance
mechanisms, it is also important to study novel candidate genes other than those known from
the well-studied monocot rice. Orthologs of this subfamily were shown to be up-regulated in
poplar under hypoxia (Kreuzwieser et al., 2009), whereas in Arabidopsis thaliana they were
involved in hypoxia/anoxia tolerance (Hinz et al., 2010; Licausi et al., 2010). Members of
this gene subfamily are shown to be acting as oxygen sensors; being bound to the plasma
membrane in normoxic conditions and transported to the nucleus under hypoxia, thereby
promoting expression of genes involved in low oxygen stress (Gibbs et al., 2011; Licausi et
al., 2011).
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Arabidopsis thaliana has been extensively used in quantitative trait loci (QTL) analysis
for discovery of novel genes controlling quantitative traits (Alonso-Blanco et al., 2009;
Koornneef et al., 2011). A wide range of genetic tools and short generation times make
Arabidopsis an excellent model for QTL analysis to link phenotypic variation to genotype.
Natural accessions of Arabidopsis display an impressive geographical distribution spanning
many diverse ecological conditions. These accessions with broad morphological variation
set a valuable system to unravel adaptations to diverse environmental conditions. In addition,
the Arabidopsis 1001 genomes project (Weigel & Mott, 2009) has recently released the
completely sequenced genomes of ~80 Arabidopsis accessions and the genetic information
on accessions will accelerate the discovery of genes controlling phenotypic variation.
Furthermore, Arabidopsis belongs to the crucifer family, and therefore has increased relevance
to crop improvements (Mitchell-Olds, 2001; Schranz et al., 2007; Koornneef et al., 2011).
Considering its advantages, Arabidopsis was used in many studies that focused on anoxia/
hypoxia responses. However, very few have studied the effects of submergence directly (Lee
et al., 2011; Vashisht et al., 2011). Although A. thaliana is typically not flooded in its natural
habitats, Vashisht et al. (2011) showed that 86 accessions show considerable natural variation
for submergence tolerance. This natural variation could be a fundamental source to discover
novel genes affecting submergence tolerance in Arabidopsis by QTL analysis (Flint & Mott,
2001; Bergelson & Roux, 2010).
In this paper, we performed QTL analysis to identify variation in submergence tolerance in
two accessions of Arabidopsis, Kas-1 and Col (gl1) using recombinant inbred lines (RILs).
In correspondence with results of Vashisht et al. (2011), we selected Columbia (Col) and
Kashmir-1 (Kas-1), as these accessions show considerable variation in their submergence
survival and also have an available mapping population composed of 100 RILs with 120
genetic markers that were used previously in mapping aluminum tolerance, powdery mildew
disease tolerance and flowering time genes (Wilson et al., 2001; Wolyn et al., 2004; Li et
al., 2006). In order to find QTLs involved in submergence tolerance, we performed survival
assays with 93 RILs and the parental lines and used lethal median time (LT50) values in a
QTL analysis. We found a single QTL on chromosome 5 that we have named the Come Quick
Drowning 1 (CQD1) locus, which explains the variation between the parental accessions, and
additionally we used back cross populations for further fine-mapping.
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Plant material
Seeds of the parental accessions and 128 F6 Kas-1/ Col (gl1) RILs were obtained from
Nottingham Arabidopsis Stock Centre (NASC, UK). Seeds of all RILs were sown on soil/
perlite mixture (1:2, Peters Professional, Scotts Europe BV, Heerlen, The Netherlands) and
kept at 4 °C for four to five days in dark for stratification and later put in a greenhouse at 20
°C in natural light conditions. After seeds germinated, they were transferred to 55 mm mesh
pots and F7 seeds were collected to use for the experiments.

CHAPTER 4

MATERIALS AND METHODS

Experiment 1: Pilot submergence assay in soil/perlite medium
Two survival assays with parental accessions and one survival assay with six randomly
selected RILs (for media comparison) were performed for submergence in dark. Seeds of
the two parental accessions and six RILs were sown on soil/perlite mixture (1:2, Peters
Professional, Scotts Europe BV, Heerlen, The Netherlands) and kept at 4 °C in dark for
five days for stratification. They were then transferred to a greenhouse until germination.
The greenhouse was at 20°C (±2 °C) with a 14 hour light photoperiod under natural light
supplemented with 600W SON-T lamps (Philips, Eindhoven, The Netherlands) when needed.
Twice the amount of seedlings necessary for the experiments were transplanted to single pots
of 70 mm with the same soil/perlite mixture supplied with nutrient solution (0.1 g l-1 Peters
Professional 20:10:20 General purpose, Scotts Europe BV, Heerlen, The Netherlands) once
after transplanting and watered when necessary. When plants were at the 7-8 leaves stage, a
homogeneous subset was selected to be used in the survival assay. We used 110 plants per
genotype (10 submergence time-points, each 10 replicate plants and 10 plants as air controls
kept in dark until the end of the experiment) in the first assay and 190 plants per genotype
(12 time-points, each 15 plants and 10 plants as air controls) were used in the second assay
for parental accessions. For RIL survival assays, we used 80 plants (8 time-points, each
10 plants) for each line. When plants were at 7-8 leaf stage, sand was added on top of the
topsoil to prevent floating of soil/perlite mixture during submergence. Four hours after the
light period was started, plants were submerged in 16 l buckets filled with rainwater one day
before the start of the submergence experiment for acclimation. After all the plants were
submerged, the buckets were covered with opaque black plastic bags to eliminate effects
of light during submergence treatment. All experiments were conducted in a greenhouse
with the same conditions as used for the growth period. At predetermined time points, ten
to fifteen plants (as mentioned above) were removed from the buckets and placed in another
greenhouse with the same conditions for a recovery period of 14 days. Survival was scored
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for the parental accessions and six RILs according to the presence of newly growing green
parts as an indication of living (surviving) meristems.

Experiment 2: Pilot submergence assay in MS/agar medium
Seeds of parental accessions were sterilized with 15% commercial bleach (5.25-6.15%
sodium hypochlorite) and 0.05% Tween 20 (Sigma-Aldrich Chemie B.V, Zwijndrecht, The
Netherlands) solution for eight minutes and washed 5-7 times with sterile MilliQ water.
Seeds were placed on 0.8% agar (Duchefa Biochemie B.V., Haarlem, The Netherlands)
with half-strength Murashige-Skoog medium (Duchefa Biochemie B.V., Haarlem, The
Netherlands) supplied with 20 μl/ml nystatin (Duchefa Biochemie B.V., Haarlem, The
Netherlands) in magenta boxes. Sixteen seeds were placed in each box and then kept in
4 °C in dark for 4-5 days. Boxes were then transferred to a greenhouse at 20 °C (±2 °C)
with 14 hours photoperiod under natural light supplemented with 600 W SON-T lamps
(Philips, Eindhoven, The Netherlands) when necessary. Two days after germination lids of
magenta boxes were slightly opened to increase air circulation. When plants were at the
7-8 leaves stage, each plate was individually inspected and some plants were removed in
order to have a homogeneous set of plants. Four hours after the photoperiod started, they
were submerged with demi-water up to 400 ml. For assessing submergence tolerance of the
parental accessions, three different lighting conditions were used during submergence; dark,
light and shade. For submergence in darkness, black opaque plastic bags were used to cover
boxes. For shade conditions, a shade cloth was used which reduced the light intensity to 10%
of the original. On each predefined time-point water was removed from the boxes by piercing
a small hole at the bottom. Survival was scored after a 10-14 days recovery period with the
same criteria as in soil/perlite experiments.

Experiment 3: Mapping of submergence QTLs by using the RIL population
QTL experiments were done with MS/agar medium as described above except submergence
treatments were done only in darkness. In addition, dark air controls were included which
were only covered with black opaque plastic bags. For dark air controls the plastic bags were
removed at several time-points and survival was scored similarly after a 14 day recovery
period. Two independent experiments were performed with 83 and 55 RILs, respectively.
The lines used were selected according to Li et al. (2006). In order to have similar plant
sizes for the QTL experiments, we performed a growth experiment in which we grew and
categorized RILs into five groups according to their timing of germination and seedling
growth. Accordingly, sowing was done over a five-day period according to size categories
in which slow growing RILs were sown on the first day and fast growing RILs were sown

66

CHAPTER 4

on the last day. For each line, there were five time-points and two magenta boxes per timepoint with up to sixteen plants in each. Air dark controls were taken out of plastic bags at
only one time-point (13 and 9 days respectively for the two experiments) and there were two
replicate plates for each line. Submergence survival data was used to calculate median lethal
time, LT50 values, for each RIL and these data were used in the QTL analysis as an indication
of submergence tolerance. For air dark controls survival (%) at a single time-point (13 and
9 days respectively for the two experiments) was used to detect QTLs related to survival in
darkness.
For size measurements, pictures were taken just before the start of the submergence
experiments. Number of leaves was counted and surface area of plants was measured to use
in the QTL analysis in order to test if these parameters had an effect on the submergence
tolerance. Size measurements were done with ImageJ software (Abramoff et al., 2004).
After growing RILs for categorizing them according to their growth for submergence QTL
experiments, they were left to grow and after 30 days, flowering was scored as “flowering”
or “non-flowering”. These binary data were also used in a QTL analysis to test the mapping
population by confirming previously published QTLs by Li et al. (2008).

Experiment 4: QTL confirmation
Ten RILs were selected for QTL confirmation analysis and further characterization of their
growth. Two of these had a Col (gl1) background and Col (gl1) QTL (CS84887, CS84922),
three had Col (gl1) background and Kas-1 QTL (CS84943, CS84964, CS84984), three had
Kas-1 background and Col (gl1) QTL (CS84986, CS84994, CS84997) and the last two had
Kas-1 background and the Kas-1 QTL (CS84931, CS84934). These lines were analyzed in
detail for submergence and dark survival, soluble carbohydrate content and dry weight. We
used 4-5 boxes for each time-point (six time-points) for submergence and three boxes for
dark air controls (six time-points). Survival analysis and calculation of LT50 values were done
as explained below for both survival in darkness and submergence with MS/agar medium.
Before the plants were submerged shoots of five plants from each line were pooled for dry
weight and carbohydrate measurements. This was repeated two times for each line. After
freeze drying, plants were weighed and then 20-40 mg of ground tissue was suspended in 0.5
ml 70% MeOH in water (v:v), vortexed and boiled for 5 minutes. After placing the tubes in
an ultrasonic bath for 15 minutes, samples were centrifuged (10 min at 10000 rpm) and the
supernatants were transferred to new tubes. Pellets were extracted once more, excluding the
boiling step. Supernatants of each sample were combined and 70% MeOH was used to bring
the final volume to 1 ml. For HPLC quantification, 20 µl of extract was diluted in 980 µl of
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MilliQ water and carbohydrate measurements and data analysis were performed as described
previously (Van Leur et al., 2008).

Experiment 5: Near isogenic line (NIL) construction and testing
NIL construction: One of the RILs used in the confirmation experiments with the highest
Kas-1 background and the Col (gl1) QTL (stock no: CS84997) was selected for backcrossing
with the parental accession Kas-1 in order to increase Kas-1 background and break the
CQD1 QTL region into smaller regions by recombination. BC1 plants were genotyped for
the original three markers (SNP44607808, NGA129 and MSAT5.12) that defined the QTL
interval and were used for another round of backcrossing with Kas-1. Two hundred BC2
plants were grown, from which 93 plants were sampled for genetic analysis. DNA was
extracted from the leaf tissue using the CTAB extraction method (Doyle & Doyle, 1990) and
the DNA samples were stored at -20° C. Genotyping of BC2 population was done with the
same three markers and twelve out of the sampled 93 plants showed recombination among
these three markers. Some of these lines had similar recombination patterns and only one
plant per recombinant type was used for self-pollination. This lead to the creation of five
different recombinant genotypes. For each recombinant BC2 line, twenty seedlings (BC2S1)
were transplanted and 7-20 of these were used for DNA isolations. The lines were then
genotyped with six newly designed markers (see below) and one of the original markers
(NGA129). New recombinant genotypes were identified and we selected two homozygotes
with the Col (gl1) genotype region inserted and one with the Kas-1 genotype. Seeds of three
homozygotes per recombinant NILs (BC2S2) were used for further phenotyping experiments
(Refer to Fig. 5 for structure of NILs).
Marker design for fine-mapping: Whole genome sequences of Col-0 and Kas-2 are available
from the 1001 genomes project (http://signal.salk.edu/atg1001/index.php). We constructed
six new cleaved amplified polymorphic sequence markers for these accessions in the QTL
region. Single nucleotide polymorphisms in Kas-2 were also present in our parental accession
Kas-1. The genes for markers, primers and restriction enzymes are listed in Table 1. These
markers and one of the original markers, NGA129 were used in marker assisted selection
of recombinant near isogenic lines (NILs). A PCR reaction was set for all the markers and
restriction enzyme cuts were performed as described by the supplier (Fermentas GmbH,
Leon-Rot, Germany).
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Marker
name

Gene

Primer sequences (5'-3')

Restriction
enzyme

M47910

AT5G47910

F: GGAAGGTGATGCAAGAGTGG
R: CATGTTTACAACACCAAAGCTG

EcoRV

M49330

AT5G49330

F: CACATGCACACACGTGAGAC
R: TAATGCTGGGGTCACGTACA

HpaI

M50200

AT5G50200

F: GGTGCACTTGATGTCACCAC
R: TTTGGGTTCAACGTCACAAA

NcoI

M51050

AT5G51050

F: GCTTATTTTCTCCGAACAACG
R: TCCTGGACAAGTCCTTTAATGTC

AccI

M51760

AT5G51760

M52910

AT5G52910

F: AATGGTAGCATGGGAACCAG
R: CAACGAACAAAACCAAAGCA
F: ATCGTCGCGTCTCAGAAATC
R: GTTCTTTTCGGCGGAACTTA
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Table 1. Primer sequences and restriction enzymes for the markers constructed to genotype the NILs.

BamHI
EcoRI

NIL survival assays: Survival assays of each NIL was done with five time points for
submergence tests (4, 6, 8, 10, 12 days), with each time point consisting of four replicated
boxes. An additional two replicates per time point per line were used for dark controls.
Assays were done similarly except for seeds were kept in sterile water after sterilization
at 4° C in dark for 6-7 days in order to break the dormancy, and after seeds were placed in
magenta boxes, they were put in a greenhouse immediately. Additionally, eight seeds from
one recombinant with Col (gl1) insertion and eight seeds with Kas-1 genotype (both from
the same parent BC2) were sown in one box in order to enable simultaneous analysis of the
two lines to assess effects of the Col (gl1) QTL region insertion in the Kas-1 background. For
the same recombinant, the second line with Col (gl1) insertion was done the same way with
the same Kas-1 genotype and was treated as a separate line in the survival analysis. The LT50
values were calculated as described above separately for the three lines for each recombinant.
The average LT50 value was calculated for all lines with the same genotype for a particular
marker. NILs constructed had a high dormancy and did not germinate after the standard
vernalization period. In order to break dormancy of the NILs used in these survival assays
they were put back at 4° C for five additional days, 7-10 days after moving into a greenhouse.
After this period, almost all seeds germinated successfully.
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Statistical analyses
Survival data were used to calculate LT50 values (median lethal time), i.e., the time-point
at which 50% of the plants died, with the Weibull regression model implemented in Excel
(Hosmer & Lemesshow, 1999). Weibull regression model was fitted to survival data for each
parental accession or RIL and LT50 values were calculated. These LT50 values calculated for
each parental accession and RILs were used in further analyses.
Standard statistical analyses were performed with SPSS 16.0 for Mac (SPSS Incorporated,
Chicago, USA). ANOVA posthoc (Tukey’s B) tests were done to test for significant
differences among groups in LT50 values for submergence and dark survival, dry weight and
soluble carbohydrates for QTL confirmation.
QTL analyses were performed with Windows QTL Cartographer Version 2.5 (Wang et
al., 2011). We used composite interval mapping (CIM) with 2 cM intervals using a 10
cM window and five background cofactors that were selected via a forward and backward
stepwise regression method. A thousand permutations were performed to estimate α=0.05
threshold values (Doerge & Churchill, 1996) for detecting significant QTLs. The linkage
map and QTLs were constructed by MapChart 2.2 (Voorrips, 2002).

RESULTS
Kas-1 is more tolerant to submergence than Col (gl1)
We performed several submergence survival assays to evaluate submergence tolerance of
parental accessions Kas-1 and Col (gl1). We used two different rooting media; soil/perlite in
a pot with single plants and MS/agar in magenta boxes with 10-16 plants in each, to test if
using these different media has an effect on survival. In two independent experiments (Exp.
1) performed with soil/perlite medium, Kas-1 was more tolerant to submergence with LT50
values of 11.95 and 16.18, compared to 9.06 and 10.42 of Col (gl1), respectively (Fig. 1a,
Table 2). Six randomly selected RILs were used in survival assays with soil/perlite medium
and they showed variation in their submergence tolerance (Fig. 1c). Since survival assays
with soil/perlite medium have time and space limitations, we tested MS/agar assays with
both parental lines in order to select fast and robust conditions for QTL experiments in
which thousands of plants should be phenotyped for submergence tolerance simultaneously.
Experiment 2 showed that a similar trend was also present with MS/agar medium for the
parental accessions, even though survival was generally shorter than on soil/perlite (Fig. 1b).
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Lighting

LT50 (days)

Medium

During
submergence

After
submergence

Kas-1

Col (gl1)

ΔLT50

soil/perlite

dark

artificial lighting on

11.95 ± 1.69

9.06 ± 0.69

2.89

soil/perlite

dark

less artificial lighting

16.18 ± 2.18

10.42 ± 0.29

5.76

MS/agar

dark

artificial lighting on

9.73 ± 0.21

6.46 ± 0.3

3.27

MS/agar

shade

artificial lighting on

11.88 ± 0.2

9.82 ± 0.18

2.06

MS/agar

light

artificial lighting on

10.79 ± 0.12

8.7 ± 0.2

2.09
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Table 2. Median lethal time, LT50 values for all submergence experiments done with the parental
accessions.

Independent of the lighting conditions during submergence (submergence in dark, shade or
light) Kas-1 was always more tolerant to submergence, although there was variation among
different treatment types. Both accessions survived the longest when plants were submerged
in shade followed by a recovery period in light (Table 2). The difference between LT50 values
for the two accessions was higher when submergence was performed in dark. We compared
survival of six RILs submerged in dark with both soil/perlite and MS/agar medium, which
showed that there was a strong linear correlation in LT50 values calculated from these two
media (Fig. 1c).

Fig. 1 Survival of Col (gl1) and Kas-1 with (a) the pot system (b) magenta box system (c) correlation of
median lethal time (LT50) of six random RILs in soil/perlite and MS/Agar medium.
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Table 3. Results of composite interval mapping analysis for submergence tolerance, dark tolerance,
size and number of leaves for Kas-1/Col (gl1) RILs. Minus signs indicate a QTL that increases the trait
value when the QTL is from Col (gl1) accession.
Chr.

Position

1-LOD
interval

Additive
effect

LOD score

Submergence tolerance
exp3a (days)

5

84.8

75.2-90.3

0.92

4.04

Submergence tolerance
exp3b (days)

5

80.8

76.3-86.8

0.53

2.66

Dark tolerance exp3a
(% survival)

4

2

0.0-4.1

25.55

7.75

Dark tolerance exp3b
(% survival)

1

80.2

79.3-89.2

-7.15

2.84

4

8

1.2-18.7

8.18

3.16

4

70.2

66.6-72.2

-7.38

2.99

Rosette size (mm2)

2

68.3

65.5-70.3

-862.96

3.21

Flowering

1

99.3

97.9-101.3

28.15

3.21

4

8

5.4-16.2

-21.58

3.96

1

99.3

96.8-101.3

-0.41

4.17

Trait

Leaf number

Fig. 2 LT50 values
for RILs used in
the QTL study
for (a) first QTL
experiment,
(b)
second
QTL
experiment.

Submergence tolerance QTL on chromosome 5
Two independent survival assays were performed for the QTL analyses (Exp. 3). In the first
assay 83 RILs and the two parental accessions were used. LT50 values varied between 2.4
and 13.9 days for RILs and showed a normal distribution (Fig. 2a). The second assay was
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performed with 55 RILs and the LT50 values varied between 1.7 and 6.8 days (Fig. 2b).
Plants showed higher mortality in the second assay and LT50 values from the two assays
showed an average of 3 days difference. Results of QTL analyses from both experiments
indicate a submergence tolerance QTL on lower arm of chromosome 5 linked to markers
SNP44607808, NGA129 and MSAT5.12 (Fig. 3 and Table3). We named this QTL the Come
Quick Drowning 1 (CQD1) locus. CQD1 had an effect of ~1 day when the Kas-1 genotype was
present. Survival in dark, size of the plants, leaf number before submergence and flowering
showed correlation with several markers indicating QTLs, but none of these overlapped with
the submergence tolerance QTL on chromosome 5 (Fig. 3, Table 3). One QTL for survival
in dark was linked to the SNP markers 21607463 and 21607700 on chromosome 1. Both
experiments had an overlapping dark survival QTL linked to markers MSAT4.39, CIW5 and
SNP marker 44608028 and 44606623, overlapping with a flowering QTL. On chromosome
4, linked to NGA1139 and SNP 44606688 another dark survival QTL was detected. One size
QTL was found linked to two SNP markers 44607824, 21607157 and NGA361, MSAT2.7
on chromosome 2. A single QTL was detected for number of leaves on chromosome 1 linked
to MSAT1.13, NGA692 and SNP marker 21607030 overlapping with a flowering QTL.
Positions, 1-LOD score intervals and effects of QTL are given in Table 3.

QTL confirmation: The effect of the QTL is larger with Kas-1 background
For confirmation of the submergence tolerance QTL, 10 RILs were selected for survival
assays with more replicates and time-points (Exp. 4). The difference between LT50 values for
RILs with Col (gl1) background with and without the Kas-1 QTL were compared. Similarly,
RILs with Kas-1 background with and without Kas-1 QTL were compared. Consistent
with the QTL analyses there was a significant improvement in submergence survival by the
presence of the Kas-1 QTL on chromosome 5 (Fig. 4a). This effect was higher in a Kas-1
background than in a Col (gl1) background. There was no effect of the QTL on dark survival
when the background was Col (gl1) (Fig. 4b). The higher dark mean survival due to the
presence of the Kas-1 QTL in Kas-1 background was not statistically significant. Dry weight
(Fig. 4c) and soluble sugar status (Fig. 4d) just before submergence did not vary for different
backgrounds and QTL, and cannot explain the higher survival achieved by the Kas-1 QTL.
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Fig. 3 QTLs detected by submergence and dark treatments in the QTL experiments and growth related
parameters (flowering, leaf number and size).

Fine-mapping
Backcrosses led to the establishment of five different near isogenic lines that could be
compared. In the interval of the first four markers, (estimated size approximately 1.04
megabases), we did not observe any recombinants.
When the averages of LT50 values were calculated per genotype class, a strong effect of
insertion of Col (gl1) was observed in the lower end of the QTL region, linked to markers
M51050, M51760 and M52910 and constituting a 1.02 megabase region. In this region the
Col (gl1) genotype decreased the survival by approximately one day. These results indicate
that the region covering the latter three markers is presumably responsible for the detected
QTL. As already indicated above, some seeds of NILs exhibited strong dormancy. The DELAY
OF GERMINATION 1 (DOG1, AT5G45830) QTL on chromosome 5 is likely causing this
delayed germination (Bentsink et al., 2006), since it is close (by 800 kb) to the QTL region
and presumably dragged along with the QTL during the backcrossing.
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Fig. 4 LT50 values for RIL groups (a) under submergence, (b) under darkness; (c) dry weight and (d)
soluble carbohydrates of RIL groups at the start of the experiments; (e) graphical representation of the
RIL groups. Significant differences are indicated for post-hoc ANOVA results at P<0.05.

Fig. 5 Average LT50 values for NIL genotype classes. The graphical representation for the break points
of the markers are indicated in blocks.
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DISCUSSION
Submergence is a severe compound stress that leads to rapid mortality. When submerged
in dark, oxygen levels decline dramatically within several hours in both above and
belowground tissues of Arabidopsis thaliana, which leads to differential expression in many
genes (Lee et al., 2011; Vashisht et al., 2011). Gene expression changes again throughout
a longer submergence period; even 7 hours of submergence is significantly different than
after 24 hours of submergence (Lee et al., 2011). Tolerance in a prolonged flooding might be
determined by distinct gene expression alterations at various stages of the stress. Thus, it may
be difficult to relate changes in gene expression at earlier stages to submergence tolerance
since Arabidopsis can survive submergence for longer than just a few days (Vashisht et
al., 2011). With this study, we aimed to identify genomic regions that increase survival for
submergence tolerance in a longer time scale by performing survival assays for Kas-1/Col
(gl1) RILs for a QTL analysis.

Light conditions effect post-submergence stress survival
We performed several submergence assays in the greenhouse with the parental accessions
Kas-1 and Col (gl1). We observed variation among experiments although Kas-1 was more
tolerant to submergence in each experiment done with soil/perlite medium. These results
are consistent with Vashisht et al. (2011) who also showed higher submergence tolerance
in Kas-1 with similar assays. There was more natural light when the second experiment
was performed, thus less artificial light was used. Since submergence with soil/perlite
medium was performed only in dark and plants also acclimated to dark conditions as well
as submergence, artificial light might be more harmful after the sudden change from dark to
light. These results indicate that light conditions might have a big influence on submergence
survival after post-submergence stress, thus it was important to perform survival assays for
all RILs simultaneously to minimize effects of light to eliminate variation caused by different
experiments in the QTL analysis. We showed that six RILs screened with soil/perlite medium
displayed considerable variation in their submergence survival as expected by the difference
of the parental accessions and were suitable for a QTL analysis.

Light conditions during submergence effect survival
In MS/agar medium experiments, we also showed that Kas-1 was more tolerant to submergence
in various lighting conditions. Plants survived longer when they were submerged in light or
shaded conditions than in dark. This indicates that Arabidopsis is capable of underwater
photosynthesis leading to a higher survival. Availability of light and the capacity to
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photosynthesize under water can change plant survival dramatically (Mommer & Visser,
2005). The larger difference in survival time in dark between the parental lines might be due
to the assumption that Col (gl1) was able to use light more efficiently to photosynthesize
under water and produce oxygen and thus had higher survival when submerged in light or
shaded conditions which in turn decreases the difference between the two accessions.

A common submergence tolerance QTL, CQD1, on chromosome 5 was detected in both QTL
assays. Consistent with results of Li et al. (2006), two QTLs were mapped for flowering to
chromosome 1 and 4 respectively. The Col (gl1) allele for the QTL on chromosome 1 delayed
flowering and the effect on delay caused by Kas-1 on chromosome 4 constituted a major
QTL. Col (gl1) has a loss of function deletion polymorphism on the FRIGIDA (FRI) gene
that is responsible for the molecular basis of this QTL effect (Li et al., 2006). The QTL for
leaf number overlapped with the flowering QTL on chromosome 1. These two traits related
to growth parameters might be controlled by a common locus. A biomass QTL was detected
in this region for Col-0/C24 RILs (Lisec et al., 2008) and might be the same locus controlling
leaf number and flowering. The flowering QTL overlapped with the dark tolerance QTL from
the two experiments. The locus causing a delay in flowering might increase the tolerance
to stresses since it will also delay resource allocation to flowering. When plants undergo a
stress, they might be able to use those resources to acclimatize and become more tolerant to
darkness.
We have defined the CQD1 to a 2.06 megabases region. Within such a relatively large region,
there are numerous possible candidate genes. Several genes were found to be differentially
regulated under submergence in Col-0 (Lee et al., 2011) in the indicated region, including
ETHYLENE RESPONSE FACTOR 2 (ATERF-2, AT5G47220), RESPIRATORY BURST
OXIDASE PROTEIN D (RBOHD, AT5G47910) and TREHALOSE-6-PHOSPHATE
PHOSPHATASE (AT5G51460). Of these genes, the latter two show variation in the inferred
amino acid sequences for Kas-1 and Col (gl1) that might affect submergence tolerance.
Increased trehalose content, which is a low-abundant carbohydrate, is correlated with a
higher tolerance to several abiotic stresses (Chen & Murata, 2002; Garg et al., 2002). An upregulation is observed in Col-0 for TREHALOSE-6-PHOSPHATE PHOSPHATASE under
hypoxia and submergence (Liu et al., 2005; Lee et al., 2011) and amino acid variation is present
between parental accessions. This gene could be a candidate for difference in submergence
tolerance between Kas-1 and Col (gl1). One of the other candidates, RBOHD, was shown to
mediate signaling for diverse stresses such as wounding, heat, cold, high-intensity light and
salinity accompanied by the accumulation of reactive oxygen species (Miller et al., 2009). It
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is possible that RBOHD also controls responses to submergence stress.
Table 4. Candidate genes in the lower end of the QTL region on chromosome 5. All amino acid
polymorphisms detected are amino acid replacements.
Locus

Amino acid
polymorphisms

Description

AT5G51050

yes

mitochondrial substrate carrier family protein

AT5G51190

yes

AP2 domain-containing transcription factor, putative

AT5G51350

yes

leucine-rich repeat transmembrane protein kinase,
putative

AT5G51390

yes

unknown protein

AT5G51460

yes

ATTPPA (Arabidopsis thaliana trehalose-6-phosphate
phosphatase); trehalose-phosphatase

AT5G51470

yes

auxin-responsive GH3 family protein

AT5G51550

yes

phosphate-responsive 1 family protein

AT5G51720

no

similar to Os07g0467200 [Oryza sativa (japonica
cultivar-group)]PTHR13680:SF1 (PTHR13680:SF1)

AT5G51760

no

AHG1 (ABA-HYPERSENSITIVE GERMINATION 1);
protein serine/threonine phosphatase

AT5G51830

no

pfkB-type carbohydrate kinase family protein

AT5G51890

no

peroxidase

AT5G51910

yes

TCP family transcription factor, putative

AT5G52250

yes

transducin family protein / WD-40 repeat family protein

AT5G52300

yes

LTI65/RD29B (RESPONSIVE TO DESSICATION 29B)

AT5G52310

yes

COR78 (COLD REGULATED 78)

AT5G52450

no

MATE efflux protein-related

AT5G52710

yes

heavy-metal-associated domain-containing protein

AT5G52900

yes

AT5G52910

yes

similar to unnamed protein product [Vitis vinifera]
(GB:CAO49548.1)
ATIM (TIMELESS)

The difference in submergence tolerance between Kas-1 and Col (gl1) might be due to not one
but several genes in the CQD1 region. Of these genes there could be differences in their amino
acid sequences and/or regulation differences under stress. Fine-mapping experiments indicate
a significant effect at the lower region of the QTL, linked to SNP markers M51050, M51760
and M52910, that includes genes (Table 4) that are only slightly differentially regulated
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under hypoxia and/or submergence. A mitochondrial substrate carrier family protein (APC2,
AT5G51050), an AP2 domain-containing transcription factor (AT5G51190) and an auxinresponsive GH3 family protein (AtGH3.8, AT5G51470) are localized in this region. These
genes, although not differentially regulated, might have an effect on submergence tolerance
since they include single to several amino acid polymorphisms. Carbohydrate and ATP levels
can be determinants of submergence tolerance and ACP2 was shown to be acting as a Ca2+regulated ATP-Mg/Pi transporter in Arabidopsis (Stael et al., 2011). During hypoxia, when
mitochondrial oxidative phosphorylation is limited, APC2 could balance ATP levels as a
transporter and increase submergence tolerance. Ethylene is a major hormone for low oxygen
signaling as it accumulates during low oxygen stress (Bailey-Serres & Voesenek, 2008).
Ethylene response factors (ERFs), especially group VII ERFs, were shown to be key factors
in low oxygen stress tolerance (Hinz et al., 2010; Licausi et al., 2010; Gibbs et al., 2011;
Licausi et al., 2011). On the lower end of chromosome 5, the above mentioned AP2 domaincontaining transcription factor AT5G51190 might also increase submergence tolerance by
inducing gene expression similarly to group VII ERFs, since these two groups have close
homology within the ERF gene superfamily (Nakano et al., 2006). Auxin-responsive GH3
genes constitute a large superfamily divided into three groups depending on their substrate
for adenylation, either jasmonic acid, indole-3-acetic acid or salicylic acid (Wang et al.,
2008). The substrate of AtGH3.8 is still unknown, however other members of group II GH3s
were shown to be involved in salicylic acid mediated pathogen resistance (Jagadeeswaran et
al., 2007; Nobuta et al., 2007). Since plants become more prone to pathogen infections after
a heavy stress, AtGH3.8 might play a role in the recovery period by increasing resistance to
pathogens after plants are de-submerged.
In conclusion, we detected a submergence tolerance QTL, CQD1, on the lower end of
chromosome 5 by screening Kas-1/Col (gl1) RILs for submergence tolerance. This region
includes several interesting genes with a potential as candidates affecting submergence
tolerance. Cloning and transformation would be needed to assess the significance of these
candidates and their value for increased submergence tolerance of crop plants for avoiding
drowning.
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Transcriptome profiling of two Arabidopsis accessions Col (gl1) and
Kas-1 with different submergence tolerance
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M. Eric Schranz, Peter H. van Tienderen

Transcriptome profiling of two Arabidopsis accessions

SUMMARY
Background and Aims Arabidopsis accessions Col (gl1) and Kas-1 differ in their
submergence tolerance, which could be explained by a quantitative trait locus, Come Quick
Drowning 1 (CQD1) on chromosome 5 increasing tolerance in Kas-1. Our aim with this study
was to identify using RNA-seq (i) common submergence responses of these two accessions,
(ii) differentially regulated genes between the accessions and (iii) differentially regulated
genes between the accessions specifically in CQD1.

Methods We profiled the transcriptomes of the two accessions by RNA-seq on an Illumina
Solexa platform. Col (gl1) and Kas-1 plants were completely submerged in dark and sampled
4 hours after treatments started. We used two controls; plants in only darkness and plants
in light. Gene ontology (GO) analysis was performed to detect common differentially
regulated pathways for submergence treatment for the two accessions. We also investigated
differentially regulated genes between the accessions for submergence. A detailed analysis
on the CQD1 locus was performed to select candidate genes for this previously described
QTL.
Key Results Alterations in transcriptomes under submergence stress give clues about
acclimation strategies even after 4 h. Many GO categories commonly regulated in both
accessions included low oxygen, carbohydrate and anaerobic metabolism related groups.
Several candidate genes potentially involved in differential submergence tolerance were
selected both in the whole genome and specifically in the QTL region.

Conclusions Genes or gene groups both commonly and differentially regulated for and
between the accessions were similar implying the importance of these groups in submergence
survival. Our study also shows that RNA-seq can be used effectively in research on natural
variation as a source to understand adaptations to several environments.
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Seasonal floods act as a strong selection force on plant communities in flood-prone
environments (Blom, 1999; Van Eck et al., 2004; Mommer et al., 2006a) since prolonged
submergence leads to severe tissue damage and mortality in many plant species. Fast
depletion of oxygen and carbon dioxide, as a result of slower gas diffusion under water,
hamper crucial biological processes such as photosynthesis and respiration (Armstrong,
1980). Additionally, floods can be accompanied by turbid waters, that due to low light
availabilities limit photosynthesis (Vervuren, 2003; Parolin, 2009). Low photosynthetic rates
underwater and low rates of respiration lead to an energy crisis and eventually high mortality.
Furthermore, accumulation of reactive oxygen species increases mortality even if the waters
subside quickly (Bailey-Serres & Voesenek, 2008; van Dongen et al., 2009). Hence, plant
populations varying in flooding tolerance form a distribution gradient in flood-exposed
ecosystems determined by the duration and depth of these floods (Vervuren, 2003).
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INTRODUCTION

In order to overcome the lethal effects of various flooding regimes, plants have evolved
different strategies to survive (Chen et al., 2011; Akman et al., 2012; Bailey-Serres et al.,
2012). A low-oxygen escape strategy enables deep-water rice cultivars, Rumex palustris and
Rorippa amphibia to survive shallower, but prolonged floods by re-establishing air contact
via elongated leaves/stems that protrude above the water surface (Hattori, 2007; Pierik et al.,
2009; Akman et al., 2012). In contrast, lowland rice cultivars and Rorippa sylvestris achieve
a higher survival by limiting growth and conserving carbohydrates, the so called quiescence
strategy (Xu, 2006; Akman et al., 2012).
The molecular basis of these two strategies in rice are well studied and revealed that
SUB1A and SNORKEL genes, both members of group VII ethylene response factors (ERFs)
are important in regulating these responses (Fukao et al., 2006; Xu et al., 2006; Hattori,
2008; Hattori et al., 2009). Lowland rice cultivars with the quiescence strategy carry the
ethylene inducible SUB1A gene that limits shoot elongation and carbohydrate consumption
by inducing Slender Rice-1 (SLR1) and SLR1 Like-1 (SLRL1), inhibitors of GA activity. In
deep-water rice, SNORKEL genes (SK1 & SK2) are potential positive regulators of GA action
and thus shoot elongation (Fukao & Bailey-Serres, 2008). Arabidopsis orthologs of the same
ERF subfamily (group VII) were shown to improve hypoxia tolerance (Hinz et al., 2010;
Licausi et al., 2010) and were recently identified as transcription factors involved in oxygen
sensing (Gibbs et al., 2011; Licausi et al., 2011).
Unbiased whole transcriptome profiling studies are important to resolve other, still unknown
components and regulators of flooding adaptive traits. Genome-wide transcriptome
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alterations upon anoxia/hypoxia stress have been studied extensively using Arabidopsis
microarrays. These studies have revealed many anoxia/hypoxia regulated gene families
(Klok et al., 2002; Branco-Price et al., 2005; Liu et al., 2005; Loreti et al., 2005; van Dongen
et al., 2009). Nevertheless, most of these transcriptome profiling studies mentioned above are
based on the Arabidopsis accession Col-0 and its mutants for genes of interest (hre1, hre2,
rap2.2, rap2.12). So far there has been no study focusing on the transcriptome profiling of
different Arabidopsis accessions that might shed light on variation in submergence tolerance
among Arabidopsis accessions. Accordingly, Vashisht et al. (2011) showed that there is a
considerable natural variation in submergence tolerance among 86 Arabidopsis accessions.
Most whole transcriptome studies on flooding tolerance have so far focused only on hypoxia/
anoxia treatments, i.e. one component of the compound stress of submergence. Recently, Lee
et al., (2011) used submergence treatments to uncover the molecular regulation of flooding
tolerance in the Arabidopsis accession Col-0. (Lee et al., 2011) This study focused on two
time points, 7 and 24 h of submergence in dark, to capture early and later submergence
response genes. This study revealed that there was a significant overlap between hypoxia and
submergence regulated genes. Nevertheless, it was also shown that there was a considerable
number of genes differentially regulated solely under submergence.
In the previous chapter of this thesis, we showed that Col (gl1) and Kas-1 accessions had
different submergence tolerances. This difference in tolerance is partially due to a quantitative
trait locus (QTL), Come Quick Drowning 1 (CQD1) on the lower arm of chromosome 5.
Since this locus is a part of a large chromosomal region, a detailed transcriptome analysis
might assist in pinpointing the candidate gene(s) contributing to the submergence variation
in these accessions. With this study, we aim to identify (i) gene categories that respond
similarly in these two accessions Col (gl1) and Kas-1, as global submergence responses,
(ii) genes differentially regulated between these accessions, and finally (iii) genes that are
differentially regulated between these accessions specifically within the CQD1 QTL region.
For this purpose we performed a genome-wide transcriptome analysis using the RNAseq platform in order to avoid cross-hybridization discrepancies that might arise by using
microarrays specific for the standard lab accession Col-0 and also to detect low abundance
and rare transcripts that are likely to be overlooked in a microarray analyses. Plants from
both accessions were submerged completely in darkness and two controls (light and dark)
were used to detect alterations in the transcriptome at an early time point. Our results indicate
that even after 4 h of submergence, many gene groups are differentially regulated both in
darkness and submergence (in darkness) in both accessions. The two accessions also showed
variation in some gene groups (such as ERFs or pyrophosphate related genes) that might
determine the differential submergence tolerance.
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Plant material
Seeds of Col (gl1) and Kas-1 accessions were obtained from the Nottingham Arabidopsis
Stock Centre (NASC, UK) and sown densely on a soil:perlite (1:2) mixture in pots (9 x 9 x
9.5 cm3). After sowing, they were transferred to 4°C for stratification for 4 days and later to
a growth chamber at 20°C with 9 hours photoperiod, 200 μmol m-2 s-1 active radiation and
70% relative humidity. After germination, individual seedlings were transferred to single
pots (70 ml) with the same soil:perlite mixture supplemented with 0.14 mg MgOCaO (17%;
Vitasol BV, Stolwijk, the Netherlands) and 0.14 mg of slow release fertilizer (Osmocote
‘plus mini’; Scotts Europe B.V., Heerlen, the Netherlands) per pot. Forty pots were placed in
a tray supplemented with 1 l of nutrient solution as described before (Millenaar et al., 2005).
We covered the surface of the pots with black mesh cloths with a small hole in the middle
for a seedling to be transplanted in, to prevent soil to float when submerged as described
before (Vashisht et al., 2011). Pots were put back in growth chambers. When all plants
reached similar developmental stage of 8-9 leaves, a homogeneous subset was selected for
experiments.
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MATERIALS AND METHODS

Experimental setup
We grew 200 plants per accession from which 105 per accession were selected for
homogeneity in size for the experiment one day before the treatments started. We used
disinfected plastic tubs (60 x 40 x 27 cm3) filled with tap water (18-20 °C) for submergence
and placed them in growth chambers one day before the treatments started. Two hours after
the photoperiod began, 35 plants were submerged in prefilled tubs (submergence in dark),
35 were put in similar unfilled tubs in the same chamber (dark controls) and 35 were left
in the growth chambers with the normal day/night regime (light controls). The chambers
used for submerged plants and dark controls had the same conditions as the light control
chambers except that all the lights were switched off (Fig. 1). We selected a four-hour time
point since oxygen concentrations drop and stabilize in both petioles and roots and changes in
oxygen concentrations alter the transcriptome significantly even after two hours (van Dongen
et al., 2009; Lee et al., 2011). After 4 hours of treatments, 5 plants from each treatment were
pooled to form one of the five replicates. Sampling was done simultaneously in dark and
light chambers and was completed within 20 minutes for all the treatments. Root and shoot
tissues were sampled separately, immediately frozen in liquid nitrogen and stored at -80°C
until RNA isolations.
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The remaining 10 plants for each accession in each treatment were used for petiole
measurements. The youngest leaf of these plants was marked before the treatments started,
and after 3 days of treatments (light and dark controls and submergence in dark), petiole
elongation of the marked leaf was measured using a digital caliper. The whole procedure
explained above was then repeated, yielding a second set of samples consisting of five pooled
replicates of 5 plants per accession and treatment. No petiole measurements were taken in
this second experiment.

RNA isolations and sample pooling
RNA isolations and DNase treatments were
done with RNeasy Mini Kit and RNase-Free
DNase Set (Qiagen Benelux B.V., Venlo, The
Netherlands) according to manufacturer’s
instructions. RNA quantity and quality was
assessed by using a Nanodrop and RNA
intactness was checked on an agarose gel.
As a control, we performed qRT-PCRs to
test if anoxia/hypoxia marker genes (ADH1;
At1g77120, HB1; At2g16060, HRE2;
Fig. 1 Representation of experimental set-up.
At1g72360) were up-regulated and if all the
replicates behaved similarly. Out of five, four
replicates per accession, treatment and tissue type from each experiment were used in cDNA
synthesis with 500 ng RNA, 50 ng random hexamers and 200 U SuperScript III reverse
transcriptase (Invitrogen, Bleiswijk, The Netherlands). The remaining replicate was kept at
-80 to be used if any of the analyzed samples was not suitable for the RNA-seq analysis.
Primer sequences for the qRT-PCRs were (5’-3’)
ADH1 Forward:
ADH1 Reverse:
HB1 Forward:
HB1 Reverse:
HRE2 Forward:
HRE2 Reverse:

GAATCGCTGGTGCTTCTAGG
TGGCACTGTGTGAGTGATGA
GGCTCTTGTAGTGAAGTCTTGGA
TAATGGCAGCAACAAGGTGA
GGCCTCTGCCTTATCCCTCTGT
GCGTAAACCCGTCTCAGTGAGTG

Quantitative RT-PCR reaction mixtures included 2X SYBR green (Platinum SYBR green
Supermix gPCR UDG; Invitrogen, Bleiswijk, The Netherlands), 3 µM of each primer and
125 ng cDNA in a total volume of 20 µl. The reaction was performed with a real-time PCR
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RNA-seq
We pooled all the four replicates analyzed in the qRT-PCR, since they showed similar
expression patterns for tested genes. From each replicate 2 and 8 ng of RNA were pooled for
roots and shoots, respectively. These samples were commercially sequenced by Macrogen
Inc. (Korea) using the Illumina/Solexa sequencing platform. In total, twelve samples were
sequenced for two accessions, two tissue types and three treatments. Sequencing of the twelve
samples was done on four lanes by running three samples per lane to get 50 base pair reads.
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system (Applied Biosystems, CA, USA) and relative expression levels were calculated using
the ΔΔCt method (Livak & Schmittgen, 2001) and corrected for TUBULIN transcript levels.
Results of qRT-PCR were used to select the replicates to be pooled for RNA-seq samples in
order to test the consistency between the replicated experiments.

Data analyses
Sequence read alignments were done with Bowtie 2 (Langmead et al., 2009) by using local
alignments of 35 base pairs, allowing two mismatches and four multiple alignments for each
read. We used Col-0 as a reference genome, downloaded from TAIR 10 database. Differential
expression analysis was performed with the bioconductor package EdgeR (Robinson et al.,
2010). Normalization coefficients for library size varied between 0.97-1.02 for roots and
0.96-1.03 for shoots. We treated the two accessions as replicates to test the global expression
patterns of each treatment at species level. We compared light controls to dark controls to test
effects of dark treatment, dark controls to submergence in dark to test effects of submergence
only and finally light controls to submergence in dark to test combined effects of submergence
and darkness. We used general linear models to fit our data and to test differentially expressed
genes (DEGs) and the interactions by using bioconducter package limma (Smyth, 2005). The
dispersion values calculated and used in DEG analysis varied between 0.07-0.09 for roots
and 0.14-0.21 for shoots. We used a cut-off of adjusted p-value <0.05 for selecting DEGs
for treatment effects. Venn diagrams were constructed for DEGs for all pairwise treatment
comparisons for up- and down-regulated genes and for the two tissue types (Fig. 4). For
identification of genes differentially regulated for each treatment between species (interaction
effects in our model) for the whole genome region, we used a cut-off of p-value<0.001. For
detailed analysis of the differentially regulated genes between the accessions in the CQD1
QTL region, we used a cut-off of p-value<0.05.
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GO analyses
Gene ontology (GO) analysis was performed with bioconductor package goseq (Young et
al., 2010). In the GO analysis we used the DEGs between light controls vs. submergence
in dark and dark controls vs. submergence in dark by excluding the DEGs of light control
vs. dark controls comparison (dashed section in Fig. 4a). For instance, the example labeled
with the treatment names in Fig. 4a represents a gene that was up regulated only in dark
controls. Since it showed no up-regulation in combined effect of darkness and submergence,
it is not included in the GO analysis for up-regulated genes. Nevertheless, the same gene is
also represented in the down-regulated genes on the far right section. This time this gene is
included in the GO analysis of down-regulated genes because although it was up-regulated
only in darkness, the combined effect of submergence and darkness showed no change in
expression compared to light controls. This implies that this gene would have been downregulated if submergence was performed in light. Thus, this group of genes was included in
GO analysis of down-regulated genes. The intersection of all three comparisons represents
the genes that are significantly up-regulated in darkness compared to light controls and even
more up-regulated in submergence compared to darkness. By using the genes in dashed
sections, we performed four GO analyses for two tissue types and for up- and down-regulated
genes separately in order to capture effects of submergence. For the over-represented GO
categories we used a cut-off of p-value<0.01.

Statistical analyses
We performed ANOVA analyses and Tukey’s b post-hoc tests (Tukey’s b) to test differences
in petiole growth in dark and air controls and submergence. The qPCR data was analyzed also
with ANOVA post-hoc tests each species and gene individually. All analyses were performed
with SPSS 16.0 for Mac (SPSS Incorporated, Chicago, USA).

RESULTS
Consistent anoxia/hypoxia marker gene regulation in both experiments
We measured petiole elongation of the youngest leaf for submergence in darkness and the
two controls after 3 days of the treatments (Fig. 2). Petiole growth was suppressed in both
accessions in submerged conditions and in dark controls but more so in the latter.
Using qRT-PCR, we first tested regulation of three anoxia/hypoxia marker genes (ADH1,
HB1 and HRE2) that are known to be up-regulated upon anoxia/hypoxia and submergence
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Fig. 2 Petiole elongation of Col (gl1)
and Kas-1 in light and dark controls
and submergence in dark. ANOVA
post-hoc results are indicated as
letters as significant differences at
P<0.05.
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in Arabidopsis. In both experiments there was a consistent up-regulation of all three genes
under submergence compared to darkness in both qRT-PCR and the RNA-seq count data
for roots of both accessions (Fig. 3). All three genes showed a down-regulation in darkness.

Quality of alignments
The reads generated from the
sequencing of the EST/cDNA
libraries were aligned to the
genome of the Col-0 accession
with allowing two mismatches that improved the alignment rate by three percent (data not
shown) compared to alignments with no mismatches allowed. The percentage of aligned
reads for Col (gl1) was 2.2% higher for roots and 1.3% for shoots compared to Kas-1 (Table
1). For both accessions, shoots gave a better alignment score than root tissues. An average of
3% of reads were aligned to multiple genes for both species (Table 1).

Fig. 3 Root transcript abundance of submergence marker genes ADH1, HB1 and HRE2 as measured
using (a) qRT-PCR (as relative expression); ANOVA post-hoc test results (P<0.05) are indicated for
significantly different groups and (b) RNA-seq (as count data) experiments.

89

Transcriptome profiling of two Arabidopsis accessions

Table 1 Bowtie2 alignment results for all libraries sequenced

Library name
Col (gl1) light controls
root
Col (gl1) dark controls
root
Col (gl1) submerged
root
Col (gl1) light controls
shoot
Col (gl1) dark controls
shoot
Col (gl1) submerged
shoot
Kas-1 light controls
root
Kas-1 dark controls
root
Kas-1 submerged root
Kas-1 light controls
shoot
Kas-1 dark controls
shoot
Kas-1 submerged
shoot

Library size
(# reads)

% aligned
reads
(once)

% aligned reads
(more than
once)

% Total
aligned
reads

% nonaligned
reads

38884713

92.5

3.3

95.8

4.2

42921704

91.4

2.9

94.3

5.7

40543049

91.5

2.9

94.4

5.6

27320214

92.9

3.4

96.3

3.7

29262982

92.9

3.3

96.2

3.8

21655964

93.1

3.1

96.2

3.8

36783160

89.8

3.1

92.9

7.1

37226377

89.8

2.7

92.5

7.5

33411646

89.8

2.8

92.6

7.4

33008003

91.9

3.3

95.2

4.8

34885304

91.7

3.1

94.8

5.2

34318638

91.6

3.0

94.7

5.3

Differentially regulated genes due to darkness
In order to detect responses of Arabidopsis to the treatments that were common to both
accessions, we treated Col (gl1) and Kas-1 as replicates in our analysis. We compared
number of up and down-regulated genes in Venn diagrams (Fig. 4). Switching from light
to dark and submergence in dark promoted alterations of a considerable number of genes in
both roots and shoots (Fig. 4 b&c). These two comparisons revealed 345 and 440 overlapping
genes in roots for up- and down-regulation, respectively. In order to eliminate effects of only
darkness, we also performed comparisons of dark controls and submerged plants in darkness.
The number of genes differentially regulated between these comparisons was significantly
lower than the other two comparisons for both root and shoot tissues.
Comparisons of light controls and submergence in dark revealed more regulated genes than
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Fig. 4 Venn diagrams showing number of up and down-regulated DEGs in (b) roots and (c) shoots. (a)
represents of type of gene regulation for different treatments (see materials and methods, GO analysis
section). The dashed categories represent the genes used in GO analysis for characterization of up and
down-regulated gene ontologies.

any other comparison in shoots. We observed 712 and 807 genes up and down-regulated
respectively when light controls were compared to submergence in darkness in shoots.
Furthermore, there was a large overlap between light controls vs. dark controls and light
controls vs. submergence treatment in shoots (146 and 126 genes for up and down-regulation,
respectively), similar to the root tissues.
Numerous gene ontology categories related to oxygen stress in roots
In order to separate the effects of darkness from submergence in regulated genes, we performed
a gene ontology (GO) analysis for genes regulated between dark controls vs. submergence
treatment and light controls vs. submergence treatment by excluding the commonly regulated
genes between light controls vs. dark controls and light controls vs. submergence in dark (as
indicated with dashes in Fig. 4a).
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Table 2 GO categories over-represented for up-regulated genes in submergence in roots
GO category
identifier

Overrepresentation
p-value

GO:0030976

0.000

thiamine pyrophosphate binding

GO:0004737

0.000

pyruvate decarboxylase activity

GO:0016831

0.000

carboxy-lyase activity

GO:0034059

0.000

response to anoxia

GO:0009061

0.000

anaerobic respiration

GO:0009815

0.000

1-aminocyclopropane-1-carboxylate oxidase activity

GO:0080031

0.000

methyl salicylate esterase activity

GO:0001666

0.001

response to hypoxia

GO:0071398

0.001

cellular response to fatty acid

GO:0080032

0.001

methyl jasmonate esterase activity

GO:0080030

0.001

methyl indole-3-acetate esterase activity

GO:0009696

0.001

salicylic acid metabolic process

GO:0047800

0.002

cysteamine dioxygenase activity

GO:0009611

0.002

response to wounding

GO:0015035

0.004

protein disulfide oxidoreductase activity

GO:0016157

0.004

sucrose synthase activity

GO:0009873

0.005

ethylene mediated signaling pathway

GO:0045454

0.006

cell redox homeostasis

GO:0017153
GO:0051453

0.007
0.007

sodium:dicarboxylate symporter activity
regulation of intracellular pH

GO category description

For the GO analysis of roots we used a total of 16,848 genes for up-regulation and 17,123
for down-regulation categories out of which 147 and 265 were up- or down-regulated, respectively. Twenty GO categories were significantly up-regulated in roots (Table 2, p-value <
0.01). More than 50% of up-regulated GO categories that were significantly over-represented in roots include known anoxia/hypoxia responsive and carbohydrate metabolism related
groups. These include sucrose synthase activity, thiamine pyrophosphate (a co-enzyme of
decarboxylases) binding, pyruvate decarboxylase activity, sodium:dicarboxylate symporter
activity and anaerobic respiration categories. Two GO categories related to ethylene biosynthesis (1-aminocyclopropane-1-carboxylate oxidase activity) and ethylene-mediated signaling were also up-regulated.
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GO category
identifier

Overrepresentation
p-value

GO:0048046

0.000

Apoplast

GO:0010266

0.000

response to vitamin B1

GO:0004805

0.001

trehalose-phosphatase activity

GO:0052622

0.001

ATP dimethylallyltransferase activity

GO:0052623

0.001

ADP dimethylallyltransferase activity

GO:0004497

0.001

monooxygenase activity

GO:0019825

0.001

oxygen binding

GO:0009824

0.002

AMP dimethylallyltransferase activity

GO:0009573

0.002

chloroplast ribulose bisphosphate carboxylase complex

GO:0016165

0.002

lipoxygenase activity

GO:0009695

0.002

jasmonic acid biosynthetic process

GO:0009055

0.003

electron carrier activity

GO:0015976

0.003

carbon utilization

GO:0016765

0.003

transferase activity, transferring alkyl or aryl groups

GO:0009579

0.003

Thylakoid

GO:0009627

0.004

systemic acquired resistance

GO:0015977

0.005

carbon fixation

GO:0005506

0.005

iron ion binding

GO:0005992

0.006

trehalose biosynthetic process

GO:0006817

0.007

phosphate ion transport

GO:0042579

0.007

Microbody

GO:0030504

0.007

inorganic diphosphate transmembrane transporter activity

GO:0030505

0.007

inorganic diphosphate transport

GO:0016045

0.007

detection of bacterium

GO:0009673

0.007

low affinity phosphate transmembrane transporter activity

GO:0010478

0.007

chlororespiration

GO:0010299

0.007

detoxification of cobalt ion

GO:0042391

0.007

regulation of membrane potential

GO:0009691

0.008

cytokinin biosynthetic process

GO:0008271

0.009

secondary active sulfate transmembrane transporter activity

GO:0008266

<0.010

poly(U) RNA binding

GO:0010218
GO:0009637

<0.010
<0.010

response to far red light
response to blue light

GO category description
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Table 3 GO categories over-represented for down-regulated genes in roots
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Other related groups were salicylic acid metabolic process, methyl salicylate and methyl
jasmonate esterase activity categories known to be important in disease responses. Methyl
indole-3-acetate esterase activity, which is involved in activation of Me-IAA by converting
it to indole-3-acetate (IAA, auxin) (Yang et al., 2008), was also significantly up-regulated.
The other two categories up-regulated were related to cell redox homeostasis and regulation
of intracellular pH.
Table 4 GO categories over-represented for up-regulated genes in shoots
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GO category
identifier

Overrepresentation
p-value

GO:0016798
GO:0080039
GO:0050832
GO:0051740
GO:0034605
GO:0009741
GO:0010105
GO:0010411
GO:0009646
GO:0010200
GO:0016762
GO:0004673
GO:0004872
GO:0008289
GO:0010136
GO:0010468
GO:0071497
GO:0048046
GO:0004353
GO:0046658
GO:0043043
GO:0080022
GO:0051707
GO:0010167
GO:0008194
GO:0016847
GO:0042218
GO:0009693
GO:0070370

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.003
0.003
0.003
0.004
0.004
0.004
0.004
0.006
0.007
0.007
0.008
0.008
0.009
0.009

GO category description
hydrolase activity, acting on glycosyl bonds
xyloglucan endotransglucosylase activity
defense response to fungus
ethylene binding
cellular response to heat
response to brassinosteroid stimulus
negative regulation of ethylene mediated signaling pathway
xyloglucan metabolic process
response to absence of light
response to chitin
xyloglucan:xyloglucosyl transferase activity
protein histidine kinase activity
receptor activity
lipid binding
ureide catabolic process
regulation of gene expression
cellular response to freezing
Apoplast
glutamate dehydrogenase [NAD(P)+] activity
anchored to plasma membrane
peptide biosynthetic process
primary root development
response to other organism
response to nitrate
UDP-glycosyltransferase activity
1-aminocyclopropane-1-carboxylate synthase activity
1-aminocyclopropane-1-carboxylate biosynthetic process
ethylene biosynthetic process
cellular heat acclimation
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GO categories significantly down-regulated in roots (Table 3) included processes related
to chloroplast and ATP/ADP/AMP dimethyl transferase activity coupled with phosphate
ion transport. A GO category related to cytokinin biosynthetic process and oxygen binding
was also down-regulated. Additionally, a trehalose biosynthesis processes and poly(U) RNA
binding categories were among this list. Two categories for pyrophosphate transport were
significantly down-regulated together with low affinity phosphate transmembrane transporter
activity.

GO categories related to cell wall loosening and ethylene in shoots
In the GO analysis of shoot tissues, 568 up-regulated genes out of 14,085 and 781 downregulated genes out of 14,461 were used. Shoot tissues showed a different profile than
roots; there were less anoxia/hypoxia related categories. Ethylene related categories were
again up-regulated (1-aminocyclopropane-1-carboxylate synthase activity and biosynthetic
activity, ethylene binding, negative regulation of ethylene-mediated signaling pathway) and
also many categories were related to sugar metabolism such as glutamate dehydrogenase
[NAD(P)+] activity, UDP-glycosyltransferase activity, hydrolase activity (acting on
glycosyl bonds). Xyloglucan endotransglucosylase activity, xyloglucan metabolic process,
xyloglucan:xyloglucosyl transferase activity categories related to cell wall loosening were
over-represented in up-regulated genes. We observed several up-regulated categories
related to diverse stresses such as freezing, fungus, heat and heat acclimation. Response
to absence of light and regulation of gene expression were also over-represented in shoots.
Shoot tissues show down-regulation in similar categories as roots related to oxygen and
iron binding, monooxygenase and electron carrier activity. Some categories in the upregulated genes were also found in down-regulated categories such as response to heat and
fungus in shoots. In addition salinity, cold, desiccation and water deprivation, glucosinolate
biosynthetic process and jasmonic acid stimulus related categories were down-regulated in
shoots. One abscisic acid (ABA) stimulus responsive category and one indole-acetic acid
(IAA, auxin) biosynthesis process was also down-regulated together with lipid metabolism,
binding and transport categories. Interestingly, response to oxidative stress was one of the
over-represented categories in down-regulated genes.

Genome-wide differentially regulated genes between accessions
We investigated gene-wise differences of the responses between the two accessions for the
treatments. We found fifty genes differentially regulated under submergence (both compared
to light and dark controls) between accessions in root tissues (Fig. 5) and 20 genes in shoot
tissues (Fig. 6), some of which are members of gene groups that have similar functions.
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Table 5 GO categories over-represented for down-regulated genes in shoots
GO category
identifier
GO:0019825
GO:0012505
GO:0004497
GO:0005506
GO:0080167
GO:0004091
GO:0009055
GO:0020037
GO:0016788
GO:0009414
GO:0042538
GO:0009409
GO:0005788
GO:0009631
GO:0009269
GO:0048046
GO:0008194
GO:0005576
GO:0008289
GO:0009753
GO:0006730
GO:0006629
GO:0009408
GO:0019761
GO:0031012
GO:0009620
GO:0016207
GO:0009737
GO:0004190
GO:0004837
GO:0010017
GO:0080043
GO:0006979
GO:0009411
GO:0031407
GO:0009807
GO:0006188
GO:0006869
GO:0010439
GO:0005544
GO:0009684
GO:0009698
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Overrepresentation
p-value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.003
0.003
0.004
0.004
0.004
0.005
0.005
0.005
0.005
0.006
0.007
0.008
0.008
0.008
0.009
0.009
0.009

GO category description
oxygen binding
endomembrane system
monooxygenase activity
iron ion binding
response to karrikin
carboxylesterase activity
electron carrier activity
heme binding
hydrolase activity, acting on ester bonds
response to water deprivation
hyperosmotic salinity response
response to cold
endoplasmic reticulum lumen
cold acclimation
response to desiccation
apoplast
UDP-glycosyltransferase activity
extracellular region
lipid binding
response to jasmonic acid stimulus
one-carbon metabolic process
lipid metabolic process
response to heat
glucosinolate biosynthetic process
extracellular matrix
response to fungus
4-coumarate-CoA ligase activity
response to abscisic acid stimulus
aspartic-type endopeptidase activity
tyrosine decarboxylase activity
red or far-red light signaling pathway
quercetin 3-O-glucosyltransferase activity
response to oxidative stress
response to UV
oxylipin metabolic process
lignan biosynthetic process
IMP biosynthetic process
lipid transport
regulation of glucosinolate biosynthetic process
calcium-dependent phospholipid binding
indoleacetic acid biosynthetic process
phenylpropanoid metabolic process
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unknown protein
CRA1, encodes a 12S seed storage protein
DWARF AND DELAYED FLOWERING 1 (DDF1), DREB subfamily A-1 of ERF/AP2 transcription factor
CRUCIFERIN 3 (CRU3), Encodes a 12S seed storage protein that is tyrosine-phosphorylated
Calcium-binding EF-hand family protein
Encodes a defensin-like (DEFL) family protein.
LOX4, PLAT/LH2 domain-containing lipoxygenase family protein
JAZ8, jasmonate-zim-domain protein 8
Encodes a defensin-like (DEFL) family protein.
ERF13, a member of the ERF subfamily B-3 of ERF/AP2 transcription factor family
MATE efflux family protein
CYP94B3, a jasmonoyl-isoleucine-12-hydroxylase
calmodulin like 37 (CML37)
unknown protein
JAZ7, jasmonate-zim-domain protein 7
Encodes a defensin-like (DEFL) family protein.
REDOX RESPONSIVE TRANSCRIPTION FACTOR 1 (RRTF1), encodes a member of the ERFsubfamily B-3 of ERF/AP2 transcription factor
ORA47, encodes a member of the DREB subfamily A-5 of ERF/AP2 transcription factor family
LOX3 encode a Lipoxygenase. Lipoxygenases (LOXs) catalyze the oxygenation of fatty acids (FAs).
pseudogene, hypothetical protein
Protein of unknown function (DUF1216)
transposable element gene; gypsy-like retrotransposon family (Athila)
Protein phosphatase 2C family protein
Major facilitator superfamily protein
S-adenosyl-L-methionine-dependent methyltransferases superfamily protein
Cold acclimation protein WCOR413 family
This gene encodes a small protein and has either evidence of transcription or purifying selection.
hypothetical protein, ORF107A
WRKY38, a member of WRKY Transcription Factor; Group III
transposable element gene
Encodes PHI1/EXL1
Disease resistance-responsive (dirigent-like protein) family protein
SESA5, SEED STORAGE ALBUMIN 5
Class I glutamine amidotransferase-like superfamily protein
unknown protein
unknown protein
This gene encodes a small protein and has either evidence of transcription or purifying selection.
PHOSPHOLIPASE A 2A (PLA2A), encodes a lipid acyl hydrolase
pseudogene of arginyl-tRNA synthetase
POLYGALACTURONASE INHIBITING PROTEIN 2 (PGIP2), encodes a polygalacturonase inhibiting protein involved in plant defense response
pseudogene, similar to Photosystem Q(B) protein
Class I glutamine amidotransferase-like superfamily protein
PHOSPHATE STARVATION-INDUCED GENE 2 (PS2), encodes PPsPase1
VQ motif-containing protein
unknown protein
ChlADR is an aldehyde reductase that catalyzes the reduction of the aldehyde carbonyl groups
unknown protein
Adenine nucleotide alpha hydrolases-like superfamily protein
PHOTOSYSTEM II REACTION CENTER PROTEIN A (PSBA), encodes chlorophyll binding protein D1
ECS1, encodes cell wall protein
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Fig. 5 Differentially regulated genes between roots of accessions Col (gl1) and Kas-1 (p-value<0.001),
log-fold change between treatments are represented in the heatmaps. For instance, the first column
represents the log fold change in gene expression from dark control to submergence in dark.

In roots, four DEGs belong to the ERF/AP2 transcription factor family (ERF13; AT2G44840,
RRTF1; AT4G34410, ORA47; AT1G74930, DDF1; AT1G12610) and two belong to
lipoxygenase family protein (LOX3; AT1G17420, LOX4; AT1G72520). There were
three genes encoding defensin-like (DEFL) family proteins (AT1G34047, AT5G33355,
AT2G36255). Two class-I glutamine amidotransferase-like superfamily proteins (AT1G15040,
AT1G66860), two jasmonate-zim-domain proteins (JAZ7; AT2G34600, JAZ8; AT1G30135)
and two cruciferin-seed storage genes (CRA1; AT5G44120, CRU3; AT4G28520) were
also differentially regulated between the accessions in roots. There were eight genes with
unknown functions. Some of the most interesting genes differentially regulated between the
accessions were the phosphate starvation-induced gene 2 (PS2; AT1G73010), a cell wall
protein (ECS1; AT1G31580), and a calcium binding protein (AT3G01830) since all of these
genes might contribute to submergence tolerance. Additionally, EXORDIUM-LIKE 1 (EXL1)
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was up-regulated in Kas-1 roots under both darkness and submergence but not in Col (gl1).
There were 20 genes differentially regulated between accessions in shoot tissues (Fig.
6). Four of these include methyltransferases; two S-adenosyl-L-methionine-dependent
methyltransferases superfamily proteins (AT3G44870 and AT3G44840), one gene encoding a
farnesoic acid carboxyl-O-methyltransferase (AT3G44860) and a member of the Arabidopsis
SABATH methyltransferase gene family (PXMT1, AT1G66700). There was also one ERF/
AP2 transcription factor family gene (DREB1A, AT4G25480). BIP3 (AT1G09080), an ATP
binding protein and three genes with unknown functions were included in the list of genes
differentially regulated between the accessions in shoots.
-3

0

3

Col
Kas
Col
Kas
Col
Kas

sub/ sub/ dark/
dark light light

Protein of unknown function, DUF617
Heavy metal transport/detoxification superfamily protein
oligopeptide transporter
CAP160 protein
pseudogene, CHP-rich zinc finger protein,
Legume lectin family protein
transposable element gene
S-adenosyl-L-methionine-dependent methyltransferases superfamily protein
S-adenosyl-L-methionine-dependent methyltransferases superfamily protein
unknown protein
Encodes a farnesoic acid carboxyl-O-methyltransferase.
Cold acclimation protein WCOR413 family
A member of the Arabidopsis SABATH methyltransferase gene family, PXMT1
unknown protein
encodes a member of the DREB subfamily A-1 of ERF/AP2 transcription factor family (CBF3
transposable element gene
Encodes a geranyllinalool synthase that produces a precursor to TMTT
BEST Arabidopsis thaliana protein match is: 18S pre-ribosomal assembly protein gar2-related
BIP3
pseudogene, hypothetical protein

Fig. 6 Differentially regulated genes between shoots of accessions Col (gl1) and Kas-1 (p-value<0.001),
log-fold change between treatments are represented in the heatmaps.

Differentially regulated genes on Come Quick Drowning 1 (CQD1) locus
For detection of differentially regulated genes between Col (gl1) and Kas-1 in the QTL
region previously detected (containing approximately 600 genes), we report DEGs using
a less stringent cut-off p-value<0.05. Out of 32 differentially regulated genes between
accessions within the QTL region in roots (Fig. 7), there were four ERF/AP2 transcription
factor family genes (ERF2; AT5G47220, ERF5; AT5G47230, CBF4; AT5G51990 and TINY;
AT5G52020). There was one gene (AT5G46845) encoding a microRNA, targeting several
auxin responsive factors. A heat shock protein (HSP20-like chaperons superfamily protein;
AT5G51440) and a transcription activator promoting tolerance to salt, osmotic stress and
drought (AT5G49450) were amongst genes, which might have important role in modulating
responses to submergence stress.
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CBF4, encodes a member of the DREB subfamily A-1 of ERF/AP2 transcription factor family
MATE efflux family protein
encodes a member of the DREB subfamily A-4 of ERF/AP2 transcription factor family
CRINKLY4 related 4 (CCR4); FUNCTIONS IN: kinase activity; INVOLVED IN: protein amino acid phosphorylation
Copper transport protein famil
unknown protein
Copper transport protein family
MIR160C, encodes a microRNA that targets several ARF family members (ARF10, ARF16, ARF17)
unknown protein
Heavy metal transport/detoxification superfamily protein
ERF2, Encodes a member of the ERF subfamily B-3 of ERF/AP2 transcription factor family
U3 small nucleolar RNA
ERF5, encodes a member of the ERF subfamily B-3 of ERF/AP2 transcription factor family
U3 small nucleolar RNA
Protein of unknown function (DUF 3339)
unknown protein
unknown protein
Potential natural antisense gene
Protein kinase superfamily protein; FUNCTIONS IN: protein kinase activity, ATP binding
Ankyrin repeat family protein
SESA5, seed storage albumin 5
Disease resistance protein (TIR-NBS-LRR class) family
Disease resistance protein (TIR-NBS-LRR class) family
Disease resistance protein (CC-NBS-LRR class) family
bZIP1, encodes a transcription activator is a positive regulator of plant tolerance to salt, osmotic and drought stresses.
Pentatricopeptide repeat (PPR) superfamily protein
Upstream open reading frames (uORFs)
Late embryogenesis abundant protein (LEA) family protein
zinc ion binding; FUNCTIONS IN: zinc ion binding
LTI78, cold regulated gene
SWEET13, nodulin MtN3 family protein
HSP20-like chaperones superfamily protein
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Fig. 7 Differentially regulated genes between roots of accessions Col (gl1) and Kas-1 in the QTL,
CQD1 region (p-value<0.05), log-fold change between treatments are represented in the heatmaps.
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Copper transport protein family
Copper transport protein family
OPT9, oligopeptide transporter
Protein of unknown function (DUF295)
basic helix-loop-helix (bHLH) DNA-binding superfamily protein
SKU5 similar 2 (SKS2); FUNCTIONS IN: oxidoreductase activity, copper ion binding
basic helix-loop-helix (bHLH) DNA-binding superfamily protein
HB52, encodes a homeodomain leucine zipper class I (HD-Zip I) protein.
BXL1, encodes a bifunctional {beta}-D-xylosidase/{alpha}-L-arabinofuranosidase
MYB82, member of the R2R3 factor gene family.
Protein of unknown function (DUF 3339)
AtCP1 encodes a novel Ca2+-binding protein
LTI78, cold regulated gene
SWEET13, Nodulin MtN3 family protein
unknown protein

Fig. 8 Differentially regulated genes between shoots of accessions Col (gl1) and Kas-1 in the QTL,
CQD1 region (p-value<0.05), log-fold change between treatments are represented in the heatmaps.

In shoot tissues, there were 15 genes that show variation between accessions in their responses
to different treatments (Fig. 8). There was one SAUR-like-auxin responsive protein family
gene (AT5G50800) and a Ca+2- binding protein (AT5G49480). There was also one copper
transport protein (AT5G52760) and a copper ion binding protein (SKU5; AT5G51790).
SWEET13 (AT5G50800), a sugar transport family protein was differentially regulated between
the accessions both in roots and shoots.To summarize, for both tissue types there were many
genes differentially regulated for switching to darkness and submergence in darkness. These
two treatments had a large overlap in differentially regulated genes. Our results indicated that
even after 4 hours of submergence, many GO categories related to low oxygen conditions
were regulated in roots which were common for the two accessions analyzed. GO categories
up-regulated in shoots were different from roots and included groups related to ethylene
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and cell wall loosening. We also observed several differentially regulated genes between the
accessions both genome-wide and specifically in the CQD1 QTL.

DISCUSSION
Using RNAseq, we identified the early common transcriptional submergence responses of
two Arabidopsis thaliana accessions Col (gl1) and Kas-1. These were the parental accessions
for the RIL population that was used for detecting submergence tolerance genes using a QTL
mapping approach (Chapter 4 of this thesis). We then specifically focused on the differences
between these two accessions since they differ in their submergence tolerance, Kas-1 being
more tolerant than Col (gl1) (Akman, et al., this thesis Chapter 4). We also analyzed the DEGs
in the previously identified QTL region, CQD1. Both darkness and submergence in darkness
altered the transcriptome significantly in both accessions and many genes were commonly
regulated under these two stresses. GO categories related to carbohydrate metabolism and
low oxygen were up-regulated in roots that are anoxic due to submergence (Lee et al., 2011;
Vashisht et al., 2011). Being the primary low-oxygen accumulating hormone, ethylene related
pathways were also significantly altered. We also observed changes in both biotic and abiotic
stress related categories. Differentially regulated genes between the accessions included
gene groups with similar functions such as ERFs and LOX genes, confirming their functional
importance in differential submergence tolerance of these accessions. We also found several
potential candidates such as auxin response factor regulating microRNAs, several ERFs and
a Ca+2 binding protein in the CQD1 locus.

RNA-seq as a platform for detecting molecular stress responses of different
Arabidopsis accessions
One of the aims of using the RNA-seq platform was to avoid discrepancies that might arise
from the gene sequence differences between the two accessions that might be excluded
in a microarray study. Compared to microarrays that do not cover the entire Arabidopsis
transcriptome, RNA-Seq has proven to be less biased with no cross-hybridization and have a
greater dynamic range (Shendure, 2008). Furthermore, completion of the Arabidopsis 1001
genomes project will increase the specificity of this platform by supplying more reference
genomes and better enabling comparisons of different accessions that show variation in their
responses to diverse stresses. These advances will promote studies using natural variation as
a source to understand adaptations to several environments. Col-0 was the first Arabidopsis
accession to be sequenced, whereas reference genomic data for Kas-1 has not yet been
released. Thus, the alignment scores for all Col (gl1) RNA-seq libraries were higher in our
analyses. Nevertheless, we were able to increase the number of alignments for Kas-1 by 3 %
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by allowing two mismatches. More sequences were aligned successfully in shoot tissues for
both accessions, possibly because the RNA isolated from soil fauna also contributed to the
total RNA content in each library and was sequenced. Nevertheless, we observed consistent
results with qRT-PCRs and RNA-seq count data for the genes we investigated; ADH1, HB1
and HRE2 were up-regulated in submergence treatments consistent with previous studies
(Licausi et al., 2010; Lee et al., 2011). These results indicate the suitability of the RNA-seq
platform for studies involving different Arabidopsis accessions and complex stresses such as
submergence.

Different physiological and molecular responses to darkness and submergence
Although petiole growth was hampered in both accessions in darkness and submergence
treated plants, submerged Col (gl1) plants showed a higher petiole elongation than dark
controls. This suggests that when submergence is coupled with dark stress, Col (gl1) accession
do not limit its growth as much as it does under only darkness and still show a higher petiole
elongation. On the other hand Kas-1 did not show a significant difference in growth between
darkness and submergence treated plants. Although growth is lower than in air controls, these
patterns resemble a lighter version of the escape and quiescence strategies of Rorippa and
Rumex as shown in Chapter 3 of this thesis. These differences in growth might be important
in different submergence tolerances in these accessions.
Both darkness and submergence induced significant alterations in gene expression. We
observed fewer DEGs compared to previously published data on submergence response
of Col-0 accession that analyzed transcriptome alterations after 7 h of submergence stress
(Lee et al., 2011). It has been shown that differentially expressed genes vary in numbers as
anoxia/hypoxia or waterlogging prolongs in poplar (Kreuzwieser et al., 2009), in Arabidopsis
(Klok et al., 2002; Liu et al., 2005; van Dongen et al., 2009) and in rice (Narsai et al.,
2009). We selected a 4 h time-point since roots become anoxic after 2 h and oxygen levels in
petioles drop to 6% after 3 h of submergence (Lee et al., 2011) and earlier responses such as
acclimation initiation might be a determining factor of survival ability.
Consistent with results of Lee et al. (2011) we observed that there were more genes upregulated by switching from light to darkness (effects of only darkness) compared to
switching from darkness to submergence in dark (effects of only submergence). This might
be due to the fact that both darkness and submergence in darkness lead to high carbohydrate
consumption since photosynthesis is inhibited and there is a high demand for soluble
carbohydrates, which results in regulation of similar genes. Nevertheless, we observed that
there was a significant number of genes only regulated in combined effects of submergence
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and darkness, and especially in shoot tissues. Although darkness alters the transcriptome for
a wide range of genes, submergence causes numerous additional changes.

GO categories related to carbohydrates and anaerobic metabolism are upregulated mostly in roots
We observed many GO categories in up-regulated genes in root tissues composed of groups
related to carbohydrate and anaerobic metabolism. One of the most common alterations
is within the aerobic respiration since oxygen becomes limiting. Anaerobic metabolism
becomes the major source of NAD+ that is necessary to sustain glycolysis that is essential
for ATP production. (Bailey-Serres & Voesenek, 2008; Bailey-Serres et al., 2012). Anaerobic
metabolism produces less ATP than aerobic respiration; therefore conservation of ATP
becomes crucial during low oxygen conditions. As an example the INVERTASE pathway for
the breakdown of sucrose, which is an ATP demanding process, is down-regulated and replaced
by SUCROSE SYNTHASE (SUS) pathway as an alternative glucose 1-phosphate source (Liu
et al., 2005; Mustroph et al., 2010). Accordingly, we showed that in our experiments a SUS
activity GO category was up-regulated in roots. SUS activity is pyrophosphate dependent and
we also found several GO categories related to pyrophosphate and phosphate transport to be
down-regulated. This might be a way to keep pyrophosphate (PPi) in intracellular spaces for
increased SUS activity in order to decrease ATP demands. Since oxygen levels drop quicker
in roots compared to shoot tissues, there is a higher demand for ATP (supplied by glycolysis)
and NAD+ (supplied by fermentation for glycolysis). This loop of high demand may drive
plants to an energy crisis, severe damage and eventually mortality but is also necessary for
acclimations to low oxygen conditions. So there is a trade-off between regulating energy
demanding processes for acclimating to new conditions and consuming carbohydrates during
the process. Plant strategies are usually a compromise between these trade-offs depending on
flooding lengths and durations (Vervuren, 2003; Akman et al., 2012).
Trehalose is a sugar known to be a tolerance enhancer factor to many abiotic stresses (Chen
& Murata, 2002; Garg et al., 2002). Furthermore, its precursor trehalose-6-phosphate which
controls sugar influx into glycolysis in yeast (Thevelein & Hohmann, 1995), was proposed
as a sugar metabolism regulator in plants (Eastmond et al., 2003). Trehalose-6-phosphate
synthase is up-regulated in submerged SUB1 rice (Mustroph et al., 2010). In our experiments
a trehalose biosynthetic process category was down-regulated and might have an effect on
regulation of influxes in carbohydrate metabolism under low oxygen conditions.
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Ethylene and auxin biosynthesis related categories are significantly up-regulated in roots
possibly inhibiting root growth since these hormones were shown to act reciprocally or
independently on root growth inhibition in Arabidopsis (Stepanova et al., 2007). On the other
hand, these hormones promoted adventitious root formation in waterlogged roots of tomato
and enabled replacement of damaged roots by healthy new root systems (Vidoz et al., 2010).
Thus, both ethylene and auxin might act on alterations on root profiles (adventitious roots and/
or primary root formation) in an attempt to increase survival also in Arabidopsis. Cytokinin
biosynthesis processes were also among down-regulated clusters. It has been shown that
cytokinin over-expresser Arabidopsis mutants cannot synthesize cytokinins under submerged
conditions, but after de-submergence, synthesis is up-regulated and helps over-expresser
lines to recover faster (Huynh et al., 2005). In our experiments, down-regulation might be an
early energy conserving strategy which might be turned on after de-submergence.

CHAPTER 5

Alterations in growth related hormonal pathways

Responses vary between different tissue types
Sugar metabolism and ethylene-related GO categories were up-regulated in shoots similarly
to roots and thus constitute global submergence responses throughout the plant tissues and
accessions. We observed several up-regulated cell wall related categories in only shoots
such as cell wall loosening, which might explain growth of submerged petioles more than in
dark only. Although not a true escape strategy, Arabidopsis might also harbor mechanisms
involved in petiole elongation under submergence with a decreased functional ability as
a result of being not naturally flooded. We also observed a down-regulation of an auxin
stimulus responsive category in shoots, which might be promoted by ethylene biosynthesis
resulting in petiole growth.

Cell homeostasis and reactive oxygen species related GO categories
We observed GO categories related to regulation of intracellular pH and cell redox homeostasis.
During submergence, cytosolic pH changes dramatically as a result of accumulation of
glycolysis products and lactic acid in earlier stages of stress and these modifications in
pH may lead to a faster mortality (Bailey-Serres & Voesenek, 2008). Accumulation of
reactive oxygen species (ROS) can become very harmful for plants upon changes in oxygen
concentration and ROS-related genes were upregulated, albeit usually at later stages or during
the recovery from the oxygen stress (Bailey-Serres & Voesenek, 2008; van Dongen et al.,
2009). Furthermore, SUB1A-1, induced by ethylene, was also shown to be involved in ROS
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amelioration. Nevertheless, we observed a ROS related GO category (response to oxidative
stress) in down regulated genes in shoots. It is possible that ROS were not yet accumulating
in cells since we capture very early stages in the stress and thus ROS responsive genes were
down-regulated to limit any process that might be unnecessarily energy demanding.

Regulation of GO categories related to other stresses
Arabidopsis plants pre-treated with high temperatures survive longer during subsequent
anoxia, and heat shock proteins are up-regulated under anoxic conditions (Banti et al.,
2008). Heat and heat acclimation related categories up-regulated in our experiments also
support a cross-adaptation between these stresses as proposed by Banti et al., 2008. The
evolutionary basis of the variation in submergence tolerance in these accessions might be
due to interchangeable adaptations for different and/or related stresses plants encounter in
their diverse habitats. We found several categories down-regulated both in roots and shoots
related to other stresses (salinity, desiccation, glucosinolate and jasmonic acid biosynthesis).
This might represent a strategy to save resources by decreasing demand for unnecessary
processes.

Differential regulation of genes between accessions
Four ERF genes were differentially regulated between accessions in roots, all of which were
down-regulated in submergence compared to darkness in both accessions but up-regulated in
submergence and darkness compared to light controls only in Kas-1. Ethylene response factor
genes are known for their abilities to increase low oxygen tolerance by initiating transcription
of several other genes in rice and Arabidopsis (Bailey-Serres et al., 2012). SUB1A locus
controlling the quiescence strategy and SNORKEL genes controlling the escape strategy in
rice are also ERFs and they contribute to higher survival in different flooding regimes. These
ERF genes might also increase survival of Kas-1 under submergence.
Another group of genes differentially regulated between these accessions includes
lipoxygenase proteins which have regulatory roles in defense mechanisms for herbivory and
pathogens (Bannenberg et al., 2009). Up-regulation of LOX4 in Col (gl1) might be expensive
for a plant under a heavy stress and might lead to faster mortality. This hypothesis might
also apply to defensin-like antimicrobial proteins and cold acclimation protein (WCOR413
family) down-regulated in Kas-1 and up-regulated in Col (gl1). The PHOSPHATE
STARVATION-INDUCED GENE 2 (PS2) has been shown to be important in catalysis of
PPi (May et al., 2011) and is crucial for regulating PPi levels. Induction of this enzyme only
in Kas-1 makes this gene a good candidate for being responsible for different submergence
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Candidate genes in CQD1 QTL
In the genome-wide scan, highly differentially regulated genes between the two accessions
were not identified in the QTL region, CQD1. The gene(s) underlying the CQD1 locus
could be regulated at the protein level, or be a major regulatory gene for which even minor
changes in gene expression could have profound down-stream effects. We investigated genes
differentially regulated between the accessions in this interval with a less stringent cut-off
value (p<0.05), as the risk of false positives in a small region is lower. Differentially expressed
genes in the roots included several ERFs (two of which also show amino acid variations
between the accessions) showing a down-regulation only in Kas-1, a microRNA targeting
several auxin responsive factors again down-regulated only in Kas-1 and a heat shock
protein (showing variation in amino acid sequences between the accessions) up-regulated
more in Kas-1. All of these genes could have a profound effect on submergence tolerance
differences between the two accessions. In shoots, the Ca+2 binding protein (with four amino
acid substitutions between the accessions) could cause a differential response since it is only
up-regulated in Kas-1 and Ca+2 might be an indirect oxygen deprivation sensing molecule
(Bailey-Serres et al., 2012) enabling Kas-1 to react faster. SWEET13, a sugar transporter, is
differentially regulated both in roots and shoots of the accessions. This gene is down-regulated
by both darkness and combined darkness and submergence treatments. Nevertheless, it shows
an up-regulation when dark controls and submergence are compared for both accessions in
roots and up-regulation only in Kas-1 in shoots. SWEET11 and SWEET12 were shown to be
involved in sucrose loading to phloem cells (Chen et al., 2012) and SWEET13 might also act
similarly in Kas-1 preventing a more severe carbon starvation. All above mentioned genes are
candidates as regulators of differential survival in these two accessions and should be further
investigated also in other accessions showing variation in their submergence tolerance.
Accordingly, we are also studying the transcriptomes of six more accessions with different
submergence survival (Vashisht et al., 2011) using RNA-seq to test if these accessions share
common mechanisms that explain differences in submergence survival.
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tolerances. Another gene, EXORDIUM-LIKE 1 (EXL1) up-regulated in Kas-1 roots under
both darkness and submergence but not in Col (gl1) might also enhance survival in Kas-1
since this gene is induced in C-starvation and knock-out mutants show decreased survival
under anoxia (Schroder et al., 2011)

In conclusion, major transcriptome alterations occur even within 4 h of submergence,
particularly in GO categories related to carbohydrate metabolism, anaerobic fermentation,
PPi dependent processes, ethylene biosynthesis and auxin related pathways. Two accessions
having different submergence tolerance show similar expression patterns for these global
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anoxia/hypoxia/submergence-induced responses. However, they also show different patterns
in genes that might constitute the basis of their differential submergence tolerance such as a
PPi starvation gene, ethylene responsive transcription factors and auxin responsive genes. The
similarities of commonly and differentially regulated processes between the two Arabidopsis
accessions imply that these processes are the main mechanisms that affect survival both
in species and accession level. Although transcriptome analysis reveals some important
aspects of the responses of these two accessions, a more detailed analysis with knock-out
mutants and over-expression lines would draw a clearer picture about the functionality of
these genes under submerged conditions. The difference in submergence tolerance explained
by CQD1 locus could also be a simple amino acid variation within genes similarly induced,
and these RNA-seq results should not be the only determinant of candidate gene selection.
Since submergence tolerance is a process that is affected by several factors during a longer
time scale, we were not able to capture later responses that might also contribute to higher
survival of Kas-1. Further transcriptome analysis experiments with longer timescales and
more extreme accessions might also be useful in order to detect potential regulators of
submergence tolerance in later stages of the stress.
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amarck in his Zoological Philosophy (1809) mentions the dramatic impact of
submergence on plants as follows:
“So long as Ranunculus aquatilis is submerged in the water, all its leaves are
finely divided into minute segments; but when the stem of this plant reaches
the surface of the water, the leaves which develop in the air are large, round and
simply lobed. If several feet of the same plant succeed in growing in a soil that
is merely damp without any immersion, their stems are then short, and none
of their leaves are broken up into minute divisions, so that we get Ranunculus
hederaceus, which botanists regard as a separate species.”

This strong selective force affects the life cycle of many plant species and has led to the
evolution of a wide range of adaptations and a gradient of plant species in flood-prone areas
(Vervuren, 2003; Van Eck et al., 2004). Submergence also has a high impact on crops since it
decreases the productivity approximately by 20% worldwide. Thus, in order to sustain both
agricultural crops and natural plant populations, it is important to understand why and how
some species are better adapted to low oxygen conditions. The aim of this thesis is to unravel
the underlying mechanisms of various adaptations evolved in plants to cope with severe
effects of submergence. For this purpose we studied the variation both within and between
species that show different submergence tolerances. We investigated submergence tolerance
mechanisms in tolerant Rorippa and Rumex species inhabiting flood-prone areas and in the
intolerant model plant Arabidopsis.
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Using inter-species variation
Escape, quiescence and additional strategies in Rorippa
In Chapter 2, we investigated the nature of extreme submergence tolerance in two Rorippa
species that show little mortality under complete submergence even after months. Rorippa
amphibia, inhabiting sites that are flooded for longer periods, shows an escape strategy with
an elongated stem and elongated leaves. In order to supply the energy and building blocks
for this growth, reserve carbohydrates are depleted faster. And if the elongating stem cannot
reach the surface before the carbohydrates reach emergency levels, plants may not survive.
However, once the stem reaches the water surface and the gas exchange is re-established,
the shoot flourishes above the water level and forms adventitious roots on the stems. The
elongated slender stem often detaches from the belowground tissues and settles on the
embankment again where conditions are more favorable. Contrastingly, Rorippa sylvestris,
inhabiting sites flooded for shorter periods, adopts a quiescence strategy and ceases its
growth until the waters subside. This strategy leads to a slower depletion of the precious
carbohydrates and as a result to a longer survival under complete submergence. Rorippa
sylvestris also clonally grows from the carbohydrate rich belowground tissues after floods
reside. So clonal growth constitutes a big part of the submergence survival mechanisms of
both Rorippa species although they show different modes of action. The effectiveness of
these strategies might explain why flood-prone areas are often populated with clonal plants
(Sosnova et al., 2010).
In rice these strategies are also present but without the additional detach and disperse strategy
of R. amphibia or clonal expansion from roots of R. sylvestris (Xu & Mackill, 1996; Hattori,
2007). So when studying submergence strategies in different species, it is important to
note the ecological context as well as the repertoire available to the plants , as both are
responsible for the evolution of different mechanisms of submergence tolerance. These two
Rorippa species constitute an important model system for studying submergence tolerance,
firstly because their adaptations to cope with flooding are extremely effective, and secondly,
because Rorippa is closely related to the model plant Arabidopsis, which facilitates genetics
and genomics research in Rorippa. Thus, the use of molecular tools available for Arabidopsis
can greatly accelerate further submergence research in these species.

Regulation of the strategies and oxygen sensors
In Chapter 3, we made use of this relatedness to clone Rorippa group VII ethylene response
factor (ERF) genes as possible candidates for controlling these strategies, given that SUB1 and
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SNORKEL genes of rice are also members of this subfamily (Xu, 2006; Hattori et al., 2009).
We showed that all group VII ERFs form two syntenic blocks, implying that in angiosperms
group VII ERFs are derived from two ancestral genes. We also used two Rumex species;
Rumex palustris and Rumex acetosa that show escape and quiescence strategies, respectively,
investigating if there was a parallel evolution in the regulation patterns of these genes in
Rumex and Rorippa. We did not observe a clear signal for convergent evolution in regulation
patterns, but we did identify members from synteny block I to be good candidates for being
oxygen sensors, and possibly increasing submergence tolerance. We also did not observe
a clear-cut correlation between preservation of carbohydrate reserves and submergence
tolerance of species. Our results indicate that the initial acclimation processes is important
and leads to depletion of carbohydrates. However species lacking the internal mechanisms to
cope with submergence stress show faster mortality, even if the carbohydrates are conserved,
as observed in Rumex acetosa that is flooded less frequently in its natural habitat (Nabben et
al., 1999).

Using within-species variation
Although a species not occurring in flood-prone areas, Arabidopsis does show variation in
submergence tolerance (Vashisht et al., 2011). By using this variation in two accessions
Col (gl1) and Kas-1, we identified a submergence tolerance QTL, Come Quick Drowning 1
(CQD1), by performing a quantitative trait loci (QTL) analysis. It is important that this locus
does not include any growth related QTLs. It is likely that gene(s) in this QTL are responsible
for an acclimation process, since Arabidopsis does not display any escape or quiescence
strategies. We also performed an RNA-seq experiment to capture the earlier responses
of these two accessions to identify differentially regulated genes between the accessions.
Interestingly, we found that many genes from the ERF gene family were differentially
regulated under submergence in the two accessions. The recent identification of group VII
ERFs as oxygen sensors that initiate low oxygen induced transcription suggests that these
genes are necessary for acclimations to low oxygen stress (Gibbs et al., 2011; Licausi et al.,
2011). Knock-out mutants of these genes show decreased submergence tolerance and overexpresser lines, correspondingly, have a higher survival.

A network of trade-offs
Depths and durations of floods are a major determinant of survival. Survival mechanisms
set trade-offs between the carbohydrate contents (depleted or conserved depending on the
strategies adopted) and acclimation processes to prevent severe tissue damage. If elongating
species cannot reach the surface before all carbohydrates are depleted the plant will surely
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die. Likewise if plants do not acclimate but the floods last very long, even if the carbohydrate
conservation is sufficient, the tissue damage will lead to a higher mortality. Conversely, if
floods are short and transient, a quiescent plant showing no acclimation and thus conserving
more carbohydrates in the initial phase of submergence might flourish faster than a plant that
used carbohydrates for acclimations that soon were obsolete. Thus, there is a tight balance
between all these parameters and as a result submergence tolerance is the result of a complex
network affected by all these trade-offs set by different flooding regimes.

Future Perspectives
In order to understand the nature of these adaptations present in Rorippa, Rumex and also to
some extent Arabidopsis, it is crucial to identify the genes responsible for higher tolerance.
Group VII ERFs are good candidates for dissecting the mechanisms of the escape and
quiescence strategies in both Rorippa and Rumex. Functional analysis of these genes might
aid identifying the regulation mechanisms. In Rumex, the hormonal regulatory patterns are
well studied in particular. Similar research might also accelerate the submergence research
in Rorippa to resolve the key components regulating these strategies and their extreme
tolerance. Likewise in Arabidopsis, CQD1 locus sets a good candidate to understand the
intraspecific variation in different ecotypes of an intolerant plant. Further fine-mapping and
candidate gene analyses in this region may reveal important actors in submergence tolerance.
Studying a wide range of tolerant species inhabiting flood-prone areas will help us to unravel
the stories of nature and fully appreciate the variation that is essential for the survival of any
organism in a rapidly changing environment.
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Like humans, plants also struggle and cannot survive in limiting oxygen levels although
they are the major suppliers of earth’s oxygen. Plants experience low oxygen levels in many
occasions one of which is flooding. Interestingly, both plants and humans have similar
solutions to deal with the challenging environment under water. Humans came up with many
ways to explore the extraordinary underwater life; one of the easiest and cheapest ways being
breathing through a snorkel. Similarly, plants can also grow stems or leaves that behave as
snorkels to transport gases from the surface of the water to the lower parts attached to soils.
However, these plant snorkels are not as cheap as their human counterparts; they need energy
to grow. If the waters are deep and all the energy is consumed before the plant snorkels can
reach the surface, mortality is inevitable. Nevertheless, if the snorkel can reach the surface on
time, the plants can survive for a longer time.

SUMMARY

SUMMARY

Another strategy that human free divers use to dive deeper or stay under water for a longer
time is through a meditative state in which they maintain their metabolism at the minimum.
A free diver, Tom Sietas recently entered the Guinness World Records by holding his breath
under water for more than twenty-two minutes, needless to mention the importance of
meditation in his achievement. Likewise some plants also decrease their metabolic processes
when submerged, trying to consume as little as possible. This is achieved by an inhibition of
growth and preparing to underwater life by means of several acclimations leading to downregulation of energy consuming processes.
These are only a few strategies for coping with excess water stress for plants and there is
still a great amount of natural variation to be explored that accumulated throughout the
evolutionary history. Understanding the mechanisms behind the evolution of these traits
will enlighten our views in submergence tolerance of plants. Considering the predictions
of increasing frequencies of floods in a changing climate, these advances will help us to
enhance crop resistance to floods and/or sustain natural populations in flood-prone areas.
This thesis explores natural variation in both intra- and interspecific levels by investigating
physiological, genetic and evolutionary aspects of submergence tolerance by using species of
three distinct genera: Rorippa, Arabidopsis and Rumex.
In Chapter 2 of this thesis, we investigated extreme submergence tolerance in two yellow
cress species; Rorippa amphibia and Rorippa sylvestris. Rorippa amphibia elongates its stem
like a snorkel, when submerged. However, if the snorkel cannot reach the surface on time,
since its energy is consumed for growth, the plant dies. On the other hand, the meditating
species Rorippa sylvestris can survive for a longer time since the energy is not consumed
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for growth. The environments they inhabit can explain the strategies these species have. The
elongating Rorippa amphibia usually occurs on sites flooded with shallower waters in which
the snorkel can reach the surface before the plant is exhausted. On the other hand Rorippa
sylvestris inhabits sites with shorter periodic deep floods in which growth might constitute a
cost but no gain since reaching the surface is less likely.
The sensing mechanisms of low oxygen and the onset of these strategies are still not entirely
known. Nevertheless, recently some gene families were shown to have a key role in both
sensing of low oxygen and regulation of these strategies. These genes are of importance since
understanding how they regulate these valuable traits might lead to a deeper understanding of
how nature shapes plant distributions and eventually help crop improvements for flood-prone
agricultural fields. Accordingly, in the third chapter, we studied potential regulators of these
two strategies in the Rorippa and Rumex species (Rumex palustris and Rumex acetosa) from
two distinct lineages. We did not observe a pattern in regulation of these genes that would
indicate a parallel evolution of regulation of submergence tolerance strategies. However,
we identified candidate oxygen sensors that might be involved in enhancing submergence
tolerance in both Rorippa and Rumex.
All plants are equal but fortunately in this case, some are more equal than others. Arabidopsis
thaliana, with its great range of molecular and genetic resources is more valuable than any
other plant in the laboratories. By using this model plant, in chapter 4, we identified genomic
regions that explain the variation in submergence tolerance between two accessions collected
from different sites. By using this information, we were able to select candidate genes that
increase submergence survival in this species. In the final research chapter (5), we used
modern gene sequencing techniques to narrow down this region even more, and additionally
we revealed the important gene groups regulated under submergence stress in both of these
accessions.
Our results indicate that exploring natural variation will aid submergence research in order
to identify different means of coping with underwater life and to understand how these traits
are regulated. The results presented in this thesis constitute a promising background for
identifying genes with fundamental roles in submergence stress in Rorippa, Arabidopsis and
Rumex.
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Net als mensen kunnen ook planten niet overleven zonder voldoende zuurstof, hoewel ze zelf
de grootste producenten van de zuurstof of op aarde zijn. Planten kunnen onder verschillende
omstandigheden te maken krijgen met lage zuurstofconcentraties, daarvan is overstroming er
een. Planten en mensen hebben interessant genoeg vergelijkbare oplossingen gevonden als
aanpassingen aan de uitdagende omstandigheden onder water. Mensen hebben verschillende
manieren gevonden om het zeer bijzondere onderwaterleven te verkennen. Het ademen
door een snorkel is daarvan de eenvoudigste en goedkoopste oplossing. Planten kunnen
op vergelijkbare manier hun stengels of bladeren als snorkel gebruiken door deze naar het
wateroppervlak te laten groeien. Op deze manier kunnen gassen van boven het wateroppervlak
naar de onderste delen van de plant worden getransporteerd. Deze plantensnorkels zijn echter
niet zo goedkoop als hun menselijke tegenhangers; er is nogal wat energie nodig om ze te
produceren. Als het water diep is en alle energie verbruikt is voordat de plantensnorkels het
wateroppervlak hebben kunnen bereiken, is sterfte onvermijdelijk. Aan de andere kant, als de
snorkel het wateroppervlak op tijd bereikt kunnen de planten heel lang overleven.

SAMENVATTING

SAMENVATTING

Een strategie die menselijke vrijduikers gebruiken om langer onder water te kunnen blijven
of dieper te duiken is het bereiken van een meditatieve staat waarbij ze hun metabolisme
op een minimumniveau handhaven. Een van deze vrijduikers, Tom Sietas, heeft zo onlangs
een plek in het Guiness World Records Book bemachtigd door ruim tweeëntwintig minuten
onder water te blijven zonder adem te halen. Op vergelijkbare manier zijn sommige
plantensoorten in staat om hun metabolisme te verlagen wanneer ze onder water staan,
zodat het energieverbruik tot een minimum wordt beperkt. Dit wordt bereikt door middel
van aanpassingsprocessen die leiden tot een nagenoeg stopzetten van energieverbruikende
processen zoals groei.
Dit zijn slechts een paar voorbeelden van strategieën om met overstromingsstress om te gaan.
Er is daarnaast nog een grote hoeveelheid natuurlijke variatie te onderzoeken die het resultaat
is van de evolutionaire geschiedenis. Het begrijpen van de evolutionaire mechanismen die
een rol spelen bij overstromingen zal tot nieuwe inzichten kunnen leiden als het gaat om
overstromingstolerantie van planten. Met het oog op de voorspellingen van toenemende
frequentie van overstromingen in een veranderend klimaat, zullen deze inzichten ons kunnen
helpen om de gewasbestendigheid tegen overstromingen te vergroten en om natuurlijke
populaties in overstromingsgevoelige gebieden te behouden. Dit proefschrift exploreert
de natuurlijke variatie tussen en binnen soorten door zowel fysiologische, genetische als
evolutionaire aspecten van overstromingstolerantie te onderzoeken. Hiervoor zijn soorten uit
drie verschillende genera onderzocht: Zuring (Rumex), Arabidopsis en Gele kers (Rorippa).
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In hoofdstuk 2 van dit proefschrift hebben we de extreme overstromingstolerantie van twee
soorten waterkers onderzocht, namelijk van Gele waterkers (Rorippa amphibia) en Moeraskers
(Rorippa sylvestris). Wanneer Rorippa amphibia onder water komt te staan verlengt de plant
zijn stengels en gebruikt deze als snorkel. Als echter de snorkel het wateroppervlak niet op tijd
bereikt, sterft de plant door een gebrek aan energie veroorzaakt door die groei. Aan de andere
kant kan de “mediterende” soort Rorippa sylvestris voor langere tijd onder water overleven,
omdat deze gedurende een overstroming geen energie gebruikt voor groei. De habitattypen
waarin deze soorten voorkomen kunnen verklaren waarom ze deze uiteenlopende strategieën
hebben. De snorkel-vormende Rorippa amphibia komt namelijk vooral voor in gebieden
waar ondiepe overstromingen plaatsvinden, zodat de snorkel het oppervlak kan bereiken
voordat de plant is uitgeput. Rorippa sylvestris komt juist vooral voor in gebieden waar
overstromingen kortdurend zijn, maar waar het water tegelijkertijd erg hoog komt te staan.
Onder deze omstandigheden zou groei niet leiden tot een verhoogde overlevingskans, omdat
het minder waarschijnlijk is dat het oppervlak wordt bereikt.
Het is nog steeds niet precies bekend welke mechanismen in de plant een rol spelen bij het
waarnemen van verlaagde zuurstofgehaltes en de daaropvolgende geïnduceerde processen.
Recent is aangetoond dat bepaalde genfamilies een sleutelrol vervullen in zowel het waarnemen
van lage zuurstofhaltes als in de regulatie van de twee besproken strategieën. Door beter
te begrijpen hoe deze processen door die genen worden gereguleerd kan uiteindelijk een
verbetering worden bereikt van gewassen die worden verbouwd in overstromingsgevoelige
gebieden.
In hoofdstuk 3 onderzoeken we daarom de potentiele regulatoren van de twee
overlevingsstrategieën. Dit doen we met behulp van twee evolutionair verschillende taxa,
Rorippa en Rumex. We hebben in ons onderzoek geen patronen in de regulatie van deze
genen geobserveerd die duiden op parallelle evolutie van de overlevingsstrategieën na
overstroming. Wel hebben we mogelijke zuurstofsensoren geïdentificeerd die een rol zouden
kunnen spelen bij het vergroten van de overstromingstolerantie voor zowel Rorippa als
Rumex palustris (Moeraszuring) en R. acetosa (Veldzuring).
Alle planten zijn gelijk, maar gelukkig lijken sommige meer op elkaar dan andere. De
Zandraket (Arabidopsis thaliana) is met zijn enorme schat aan moleculaire en genetische
informatie waardevoller voor de wetenschap dan welke andere plantensoort ook. Met behulp
van deze soort hebben we in de hoofdstuk 4 genomische regio’s geïdentificeerd die variatie
in de overstromingstolerantie verklaren tussen twee variëteiten afkomstig van verschillende
vindplaatsen. Deze informatie stelde ons in staat om kandidaatgenen te selecteren die de
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Onze resultaten laten zien dat het in kaart brengen van natuurlijke variatie binnen soorten
het onderzoek naar overstroming kan helpen bij het identificeren van de verschillende
overlevingsstrategieën bij overstromingen. Zo begrijpen we beter hoe deze eigenschappen
gereguleerd worden. De resultaten die in dit proefschrift zijn gepresenteerd vormen een
veelbelovend uitgangspunt voor het identificeren van genen met een fundamentele rol in
overstromingsstress in Rorippa, Arabidopsis and Rumex.

SAMENVATTING

overstromingstolerantie van deze soort vergroten. In hoofdstuk 5 hebben we met behulp van
moderne sequencing-technieken nog meer ingezoomd op deze genen. Daarnaast hebben we
voor de twee variëteiten een belangrijke groep genen geïdentificeerd die gereguleerd worden
bij overstromingsstress.

127

Dünyanın oksijeninin büyük bir çoğunluğunu sağladıkları halde, bitkiler de insanlar gibi
düşük oksijen seviyelerinde yaşamlarını sürdürmekte zorlanır. Bitkiler düşük oksijen
seviyeleriyle çeşitli durumlarda karşılaşırlar, bunlardan biri de seller ya da su yükselmeleri
sonucunda suyun altında kaldıkları ve atmosferle bağlantılarının kesildiği durumlardır.
İlginç bir şekilde insanlar ve bitkiler su altındaki zor şartlarla başa çıkmak için benzer
yollar kullanırlar. İnsanlar su altındaki inanılmaz güzellikleri keşfetmek için bir çok yöntem
bulmuştur; bunların en ucuz ve kolay olanı şüphesiz şnorkel kullanmaktır. Aynı şekilde
bitkiler de suyun altında kaldıklarında yapraklarını ya da gövdelerini uzatarak yüzeye ulaşıp,
oksijen ihtiyaçlarını sağlarlar. Fakat, bitkilerde büyüyen bu şnorkelimsi yapılar insanların
kullandıkları kadar ucuz değildir; bu büyüme için oldukça fazla enerjiye ihtiyaç vardır. Eğer
sular çok derinse ve enerjileri uzayan yaprakları ya da gövdeleri yüzeye ulaşamadan biterse,
bitkinin ölümü kaçınılmaz olur. Fakat, bu şnorkelimsi yapılar yüzeye zamanında ulaşabilirse,
geri kalan dokular suyun altında olsa dahi bitki çok uzun süre yaşamını sürdürebilir.

ÖZET

ÖZET

Serbest dalışçıların daha derine dalmak ya da suyun altında daha uzun kalmak için kullandıkları
yöntemlerden biri ise metabolizmalarını en alt seviyede tutmak için meditasyona başvurmaktır.
Bu sene, Tom Sietas isimli serbest dalışçı nefesini yirmi iki dakikadan fazla tutarak Guinness
dünya rekorlar kitabına girmiştir, bu başarısında meditasyonunun önemini yadsımamak
gerekir. Aynı şekilde bazı bitkiler de su altında kaldıkları zaman metabolizmalarını en alt
seviyeye indirerek enerjilerini korumaya çalışırlar. Şnorkelimsi gövdeler ya da yapraklar
oluşturan türlerin aksine, büyümelerini ve enerji tüketen aktivitelerini en aza indirirler.
Böylece, korudukları enerji suyun altında daha uzun yaşamalarını sağlar.
Yukarıda bahsedilen yöntemler, bitkilerin su yükselmeleriyle başa çıkmaları için evrilmiş
bir çok adaptasyonun sadece küçük bir parçasıdır ve doğada, evrimsel süreç boyunca
birikmiş keşfedilmeyi bekleyen büyük bir doğal varyasyon mevcuttur. Bu adaptasyonların
evrilmesindeki mekanizmaların ne olduğunu anlamak, bitkilerin su yükselmelerine karşı
nasıl daha az ya da daha çok dirençli olduğunu açığa kavuşturmak için gereklidir. Bu
konulardaki araştırmalar, sel baskınlarına yatkın bölgelerde yetiştirilen tarım ürünlerinin
iyileştirilmesine ve ayrıca doğal bitki popülasyonlarının sürekliliğini sağlamaya yardımcı
olacaktır. Bu tez, hem türler arası hem türler içi çeşitliliği kullanarak su yükselmelerine karşı
evrilmiş adaptasyonların fizyolojik, genetik ve evrimsel yönlerini üç farklı cinsin türlerini
(Rorippa, Rumex ve Arabidopsis) kullanarak araştırmaktadır.
Bu çalışmanın ikinci bölümünde, iki farklı Rorippa türünün, su yükselmeleriyle başa çıkmak
için uyguladığı iki strateji araştırılmıştır. Bu türlerden biri, Rorippa amphibia gövdesini
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uzatarak bir şnorkel oluşturur. Fakat bu şnorkel tüm enerji tükenmeden yüzeye ulaşamazsa,
bitki ölür. Diğer tür Rorippa sylvestris ise, metabolizmasını en aza indirir ve enerjisini
koruyarak daha uzun süre su altında yaşayabilir. Bu iki türün yaşadığı ortam sahip oldukları
bu farklı yöntemleri açıklayabilir. Şnorkel stratejisine sahip Rorippa amphibia, genellikle
daha sığ su baskınlarının yaşandığı ve bitki şnorkellerinin enerji tamamen harcanmadan
yüzeye ulaşabileceği bölgelerde yaşamaktadır. Diğer taraftan Rorippa sylvestris daha kısa
süreli ve derin su yükselmelerine maruz kalan bölgelerde bulunmaktadır. Bu durumlarda
yüzeye ulaşmaya çalışmak kayba neden olurken bir yarar sağlamayacak ve belki de bitkinin
daha çabuk ölmesine sebep olacaktır. Ve işte bu yüzden bu özellikler doğal seçilim yoluyla
seçilmeyecek ve bu nedenle evrilmeyecektir.
Bitkilerde düşük oksijen seviyelerinin bitki tarafından nasıl algılandığı ve yukarıda belirtilen
stratejilerin nasıl aktif hale getirildiği hala tamamen bilinmemektedir. Fakat, yakın zamandaki
araştırmalar belli gen ailelerinin bu fonksiyonları yerine getirmekteki önemli rolünü ortaya
çıkarmıştır. Bu özellikleri tanımlayan genlerin araştırılması, bitkilerin su yükselmelerine
karşı dirençlerini anlamamız için büyük önem taşır. Çünkü bu araştırmaların sonuçları,
doğal seçilimin sulak alanlardaki bitki popülasyonlarını nasıl şekillendirdiğini anlamamıza
yardımcı olacak ve tarım ürünlerinin ıslahında büyük önem kazanacaktır. Buna bağlı olarak,
bu tezin üçüncü bölümünde, yukarıda belirtilen Rorippa türlerini ve yine aynı stratejilere
sahip iki Rumex türünü kullanarak bu stratejilerin potansiyel düzenleyicileri araştırılmıştır.
Bu iki farklı bitki cinsi arasında paralel olarak evrilmiş ortak bir düzenleyiciye rastlanmazken,
düşük oksijen seviyelerini algılayabilecek bazı genler tespit edilmiştir.
Tüm bitkiler eşittir, fakat bazı durumlarda bazı bitkiler diğerlerinden daha eşittir. Arabidopsis
thaliana, geniş moleküler araçları ve genetik kaynaklarıyla laboratuvarlarda bir çok türden
daha değerlidir. Biz de, bu model bitkiyi kullanarak dördüncü ve beşinci bölümlerde, su
yükselmelerine karşı dirençlerinde farklılık gösteren iki farklı ekotipin arasındaki bu
farklılığa neden olan gen bölgelerini tanımladık. Beşinci bölümde ise modern gen dizilimleme
tekniklerini kullanarak bu bölgedeki bazı genleri potansiyel düzenleyiciler olarak belirledik.
Buna ek olarak, tür bazında su yükselmelerinde önemli olan bazı gen gruplarını saptadık.
Bu tezdeki sonuçlar, doğal çeşitliliğin araştırılmasının, bitkilerin farklı yöntemlerini
tanımlamaktaki önemini ve gerekliliğini göstermektedir. Bu tezde sunulan sonuçlar,
belirtilen türlerde su yükselmelerine direnç sağlayan önemli genlerin saptanmasında alt yapı
oluşturacaktır.
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Propositions
1. There are more than two strategies to cope with submergence in Rorippa
(This thesis).
2. Rumex and Rorippa might have different pathways evolved to employ
their strategies, which might not be necessarily through the similar group VII
Ethylene response factors as known in rice (This thesis).
3. Studying natural variation shaped by environmental conditions is key for
crop improvement in a changing world.
4. Carbohydrate status of a plant at any given time of submergence is not
indicative for their flooding tolerance (This thesis).
5. The Come Quick Drowning1 locus that explains the variation in
submergence tolerance between two Arabidopsis accessions, harbors
many candidate genes potentially important for submergence tolerance
(This thesis).
6. Variation is often underappreciated.
7. Experiments not working does not necessarily mean that PhD students are
not working.
8. Only a young kid would not get surprised to see a man flying without
gadgets.
9. All plants are equal but some are more equal than others.
(Adapted from George Orwell’s Animal Farm)
10. Fearing doubt is one of the most destructive and dreadful of all imposed
thoughts.

