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World-wide crop production is significantly affected by various abiotic and biotic
stresses. Research on plant stress signalling and the resulting physiological
response can provide insights into the development of crop cultivars with improved
stress tolerance. In the current work, the role of anthocyanins in plant response to
reactive oxygen species (ROS), high light and cold stress is investigated. In
addition, the global putative targets of two GATA transcription factors, CGA1 and
GNC, known to modulate the chlorophyll content and natural senescence process
in response to different environmental conditions is investigated. Anthocyanins are
a class of secondary metabolites which in food have been shown to have
antioxidant activity and thus potentially be beneficial for human health when
present in sufficient quantities. First, the antioxidant role of anthocyanins in plant
stress response is analysed. Ten Arabidopsis anthocyanin mutants, with varying
levels of anthocyanin content, which are in the main regulatory and biosynthetic
genes of the anthocyanin pathway were utilized. Their physiological, molecular and
cellular responses were analysed under ROS, high light and cold stress. The data
shows that ROS is an important signal to trigger the accumulation of anthocyanins,

and in turn anthocyanins function as an antioxidant to buffer ROS homeostasis
and provide protection against the cellular damage caused by ROS. GNC and
CGA1 are two GATA transcription factors that play important roles in chlorophyll
accumulation, flowering, hormone signalling and natural senescence as well as in
the plant response to nutrient stress. We utilized a genome-wide ChIP-Seq
technique in Arabidopsis to discover the putative target genes of CGA1 and GNC
and revealed the possible downstream genes controlling chlorophyll content and
the natural senescence process. In addition, the pleotropic functions of rice
OsGNC were explored through analysing the rice OsGNC transgenic lines,
suggesting the functional conservation of GNC and CGA1 across plant species.
This study expanded the current knowledge of abiotic stress response in plants
and hopefully this information can be applied for future crop improvement.
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1. CHAPTER 1: Introduction
1.1
1.1.1

Stress and the impact on plants
Stress is major factor in the reduction of crop yields

During the Green Revolution in the 1960s, the application of mechanization, synthetic
fertilizers, chemical control of pests and diseases, and improved high-yielding crop
varieties, led to doubling of crop production (Evenson and Gollin, 2003; Rothstein, 2007).
However, the rapid increase in the world population, combined with the increase in the
use of primary crops per person due to the increased consumption of animal products
means another substantive increase in crop yields is necessary. In addition, a variety of
environmental issues including decreased water supplies in many areas, soil erosion and
climate change imply that increasing future crop production will be a great challenge. In
addition, the use of crops for alternative fuels, particularly ethanol from the starch of
bioenergy crops (mainly maize) increases this challenge (Rothstein, 2007). It has been
predicted that the production of grain and oilseed crops needs to increase a further 50%
by 2025 (Khush, 2003). However, by analysing the yield of the major crops, such as maize,
rice, wheat and soybean produced worldwide, it was found that their yield either remained
at the same level or even decreased across 24%-39% of these crops growing area (Ray
et al., 2012).
A combination of factors contributes to crop yield and under field conditions plants can
experience adverse environmental conditions through most of their life cycle. Biotic and
abiotic factors, such as pests, pathogen, temperature, light, water, salt and nutrients all
can serve as stresses when their status is not optimal for plant growth and thus leads to
decreased crop yield (Wang et al., 2003; Kazan, 2015). It is reported that the main abiotic
stresses (drought, salinity, cold and heat) contribute up to 70% of the yield loss of crop
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plants (Mantri et al., 2012; Marco et al., 2015). Thus it is of great interest and importance
to understand the impact of stress and the response of plants to various stresses in order
to improve their tolerance to these in the staple crops and, in the long-term to improve the
crop production.
Biotic stress is initiated mainly by herbivore attack, pathogenic and symbiotic interactions
(Scheler et al., 2013). This can lead to the loss of functional tissues and organs, death of
tissues or the whole plant and finally a dramatic decrease in biomass and yield. Abiotic
stress includes any non-optimal environmental factor that may affect plant growth and
development, including heat, cold, drought, water-logging, salinity, heavy metals, high light,
shade, UV-B or different types of nutrient deficiency (Bohnert and Sheveleva, 1998; Chen
et al., 2012).

The stresses caused by these natural factors that plants can perceive are

also called primary stress, whereas secondary stress refers to what occurs after the plant
perceives the primary stress and includes, but is not limited to, oxidative stress and
osmotic stress. In addition, it is known that biotic and abiotic stresses are able to disrupt
the homeostasis of Reactive Oxygen Species (ROS) and therefore can lead to the
subsequent induction of oxidative damage (Apel and Hirt, 2004; Sewelam et al., 2016).
1.1.2

Temperature related stress

With the process of the global warming, the effect of high temperature or heat stress on
plant growth and development has been studied extensively (Proveniers and van Zanten,
2012; Guan et al., 2013; Macková et al., 2013; Qu et al., 2013; Suzuki et al., 2013). Heat
stress causes significant yield loss, especially when it occurs at the reproductive
developmental stage due to the high sensitivity of the male and female gametes and
pollen-pistil interactions to high temperature (Bita and Gerats, 2013). It has been reported
that rice seed yield decreases by 10% for each 1℃ increase of the minimum temperature
in the dry season (Peng et al., 2004). A rapid increase in heat shock protein (HSP) level
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is one of the most prominent responses to high temperature and increased HSP transcript
level is associated with heat tolerance in several species (Bita and Gerats, 2013).
Low temperature, including near- or sub-freezing conditions is a stress presents mainly in
the northern growing regions of the world. Cold stress negatively affects plant growth and
development through direct inhibition of metabolic reactions and, indirectly, through
osmotic stress which is induced by cold (Chinnusamy et al., 2007). Plants are able to
tolerate freezing temperature through cold-acclimation, which is a process following
exposure to non-freezing temperature and is very important for plants to obtain tolerance
to in vivo ice formation, which is harmful to cell membranes. Moreover, cold-acclimation,
or vernalization in some winter-habit crops (winter wheat), is a prerequisite for the
transition from vegetative to reproductive stage to take place after winter has passed
(Chinnusamy et al., 2007).
1.1.3

Water stress

Plant growth requires appropriate water content in soil. Extreme levels of water availability
including drought and flood are the most devastating abiotic stress in affecting not only
agricultural crops but also the entire plant community, and can cause enormous economic
loss (Tuberosa and Salvi, 2006; Juenger, 2013). As an example, the extreme drought in
Texas, USA between 2010-2011 resulted in an agricultural loss of about 7.5 billion dollars
(Juenger, 2013). Given the concerns about water security particularly with a changing
climate (Rosegrant et al., 2003), it becomes an even more urgent need to develop drought
tolerant crop plants, and considerable efforts have used both genetic and physiological
techniques to study this problem (Tuberosa and Salvi, 2006; Chan et al., 2013).
In contrast, when water flooding occurs, the lack of oxygen, carbon dioxide and light leads
to diminished respiration and photosynthesis and a reduced energy supply, which
consequently causes cell death (Vartapetian and Jackson, 1997; Fukao and Xiong, 2013).
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Flooding damage is, after drought, the second most important stress affecting crop
production, with flooding and drought contributing more than 70% of the crop yield
reduction in 2011 in the US caused by crop stress (Bailey-Serres et al., 2012).
1.1.4

Salinity stress

Soil salinity is a very important stress condition in some crop growing regions (Cabot et
al., 2014; Munns and Gilliham, 2015). It affects more than 20% of present-day agriculture
(Mickelbart et al., 2015) and about 45 million hectares of irrigated land (Roy et al., 2014).
The salt (mainly NaCl) accumulation in soil primarily comes from the residue in irrigated
water (Tester and Davenport, 2003). Due to the fact that the fresh water biogeochemical
recycling capacity is inferior to its supply exhaustion (Hasegawa, 2013), plus the large
application of recycled water from sea water in modern irrigation systems (Grismer and
Platts, 2014), the effect of salinity is expected to be continuously increasing in the future
(Mickelbart et al., 2015). Accumulation of Na+ and Cl- in plant tissues disrupts the osmotic
balance, prevents water absorption and inhibits plant growth and photosynthetic activity,
leading to cytotoxic effects and pre-mature senescence and finally yield loss (Munns and
Tester, 2008). Most plants, including most of the important crop plants, are glycophytes,
which are sensitive to salinity. In contrast, some halophytes exhibit evolved functional and
structural adaptation to high salinity (Julkowska and Testerink, 2015). For example,
Thellungiella salsuginea, a close relative of Arabidopsis, is highly resistant to several
abiotic stresses including salinity (Wu et al., 2012). These plant species have been studied
as useful models for understanding the response and tolerance to salinity and other abiotic
stresses.
1.1.5

Secondary stress

Secondary stress is the subsequent metabolic consequence of a primary stress. The most
common of these are oxidative and osmotic stress which can cause cell death. Oxidative
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stress is a result of disruption of the homeostasis of ROS, which cause growth inhibition
and programmed cell death (PCD). Almost all biotic and abiotic stress are able to lead to
a ROS burst and subsequent imbalance of ROS homeostasis thus generating ROS stress
(Mittler, 2002). High light and other light sources, such as UV-B, are conditions that can
lead to ROS production through photosystem disruption (Mühlenbock et al., 2001; Hideg
et al., 2013). Osmotic stress is mainly caused by the alteration of the endogenous water
potential. Several environmental factors can lead to osmotic stress, such as water loss
during drought, heat induced dehydration and impaired water uptake originating from
salinity stress (Li et al., 2013). All of these are able to change the water potential and the
composition of ions in the vacuole and result in osmotic stress (Yoshida et al., 2014).
1.1.6

Stress affects plant photosynthesis

Plant photosynthesis is a fundamental process that converts light energy into chemical
energy. It provides essential ‘food’ and energy for plant growth and development, and is
the source of biomass formation and seed yield. Therefore, maintaining the capacity of
the photosystem is of paramount importance for crop production. However, stresses that
plants may encounter have adverse effects on photosynthesis through varied mechanisms,
including the regulation of stomata, the alteration of photosynthetic pigments, the change
of organelle structure as well as the adjustment of the necessary metabolites and proteins
(Ashraf and Harris, 2013). Stress can affect photosynthesis by decreasing chlorophyll
content, which is observed in studies on plants subjected to salt, drought or temperature
stresses (Ashraf and Harris, 2013). It was reported that drought as well as salt downregulate a number of photosynthetic genes, indicating that these stresses could affect
photosynthesis by modulating the components of the photosystems (Chaves et al., 2009).
When plants are under drought conditions, the stomata close preventing extra loss of
water, resulting in a reduced intake of CO2, which in turn leads to decreased
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photosynthesis (Tezara et al., 1999; Reddy et al., 2004; Chaves et al., 2009). It has been
shown that disruption of ROS homeostasis causes damage to a variety of cellular
processes including photosynthesis (Mittler, 2002; Hideg et al., 2013). Given the fact that
ROS can be generated by both biotic and abiotic stresses, it is not surprising that these
have adverse effects on photosynthesis.
1.2

Stress signalling in plants

The response and subsequent adaption to different stresses is achieved through stress
signal sensing and transduction leading to the modification of the plant physiological status
and alteration in transcriptional networks, that eventually leads to the repair of molecular
and cellular damage caused by the stress. However, whether the plants are able to survive
depends on the acuteness and the duration of the stress, to which the plants are exposed.
For example, plants under above-freezing temperature, which is a chronic stress, will
develop cold acclimation to survive freezing temperature to a certain extent (Chinnusamy
et al., 2007). In contrast, a devastating stress such as the rapid drop in temperature to
freezing usually leads to plant death before the acclimation process can develop
(Kobayashi et al., 2008). The signalling of plant stress is a complex network, involving the
initial perception of stress, secondary messenger signalling and protein kinase cascades
(Smékalová et al., 2014), which will be reviewed in the following sections.
1.2.1

Ca2+ dependent stress sensing and signalling in plants

Calcium, as an essential macronutrient, plays important roles in plant growth and
development (Hepler, 2005). The Ca2+ homeostasis is maintained at a low level in the
cytosol under normal growth conditions to avoid ion toxicity. Much higher level of Ca2+
exists in the vacuole, ER and extracellular spaces forming the so called “Ca2+ stores”
(Sanders et al., 2002). As a second messenger, the Ca2+ level in the cytosol can be
changed rapidly and transiently in responding to stress signals (Tang et al., 2007) and in
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some cases shows a distant signalling pattern (Campbell et al., 1996). The specificity of
the spatial and temporal dynamics of changes in cellular Ca2+ to various environmental
stimuli, the so-called calcium signature, results in totally different responses of plants
through the same Ca2+ signalling pathway (Dodd et al., 2010). This suggests that Ca2+ is
able to carry specific codes for different stresses. Thus, it is of great importance and
interest, although challenging, to decode these specific calcium signatures in order to
understand the signalling of stress response through Ca2+. The status of the cytosolic Ca2+
is maintained by the influx and efflux of Ca2+ through different types of calcium channels,
pumps and transporters which are localized on the membranes of the cytoplasm and the
organelles. Ca2+-ATPases and Ca2+/H+ antiporters are calcium transporters or pumps to
transport cytosolic Ca2+ to the calcium stores (Hirschi, 2001).
The calcium signal is perceived by calcium sensors, including calmodulin (CaMs) and
calcineurin B-like (CBLs) proteins, which are the sensor relays with no intrinsic activity, as
well as calcium-dependent protein kinases (CDPKs) and Ca2+/calmodulin dependent
protein kinases (CCaMKs), which are directly activated by Ca2+ binding (Harper et al.,
2004). There are also other calcium-binding proteins which play a role in Ca2+
signalling.(Tuteja, 2009). Modification and regulation of the downstream transcription
factors or other genes through these calcium-binding proteins allow plants develop the
necessary response to stresses by modulating molecular and cellular processes.
1.2.2

Mitogen activated protein kinase (MAPK) signalling cascades in stress
signal transduction

Mitogen activated protein kinase (MAPK) cascades are highly conserved signalling
pathways responsive to cellular processes and extracellular signals including stress
stimuli (Moustafa et al., 2014). MAPK pathways are activated by many stress factors
(Knight and Knight, 2001) and transfer stress signals from the upstream sensors or
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receptors to the downstream targets through a signal transduction module that minimally
consists of MAPKKK-MAPKK-MAPK components (Nakagami et al., 2005). MAPKKKs are
serine/threonine kinases that can be activated through interaction with receptors or
through auto-phosphorylation, and they can phosphorylate MAPKKs, which in turn
phosphorylate MAPK (Knight and Knight, 2001; Nakagami et al., 2005). For example, the
well-known ethylene signalling pathway is mediated by MAPK signalling. CTR1, the first
protein downstream of the ethylene receptors is a MAPKKK (Guo and Ecker, 2003;
Ouaked et al., 2003). In addition, a number of components belonging to MAPK cascades
in various plant species have been reported to be involved in the signalling pathway of
diverse stresses, both biotic and abiotic (Nakagami et al., 2005). Attempts in engineering
MAPK cascades have been described as potential applications in improving plant stress
tolerance (Moustafa, 2014).
1.2.3

The role of reactive oxygen species (ROS) and nitric oxide (NO) in plant
stress signalling

ROS are byproducts of plant metabolism (Figure 1.1) that have been shown to serve as
important signalling molecules for many processes in plant growth, development and
stress responses (Mühlenbock et al., 2001; Gechev et al., 2006; Reczek and Chandel,
2015). ROS usually occur as secondary stress in the response process to biotic and
abiotic stresses. ROS is kept at low levels under normal growth conditions. However, when
ROS homeostasis is disrupted by environmental stress, excess ROS leads to membrane
oxidation and disruption of the photosystems and can cause severe cellular damage
(Vranova, 2002). The proposed function of H2O2 as a signalling molecule is derived from
the fact that it can oxidize some essential cysteine thiol groups of phosphatases including
PTEN, PTP1B and MAPK (Lee et al., 2002; Kamata et al., 2005; Yang et al., 2014). Still,
the exact mechanism for ROS signalling, is not fully understood (Reczek and Chandel,
2015). In addition, although ROS and Ca2+ signalling are associated and may be auto-
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regulated (Miller et al., 2009), current techniques do not allow us to distinguish the
signalling order between them.
Nitric oxide, a gaseous radical, has been shown to be an important signalling molecule in
several processes including stress responses (Arasimowicz and Floryszak-Wieczorek,
2007). Although the mechanism of NO signalling is still largely unclear, numerous studies
have led to various proposed mechanisms for NO production, sensing and mode of action
during different physiological processes (Domingos et al., 2015). Based on the current
knowledge, NO is produced through both enzymatic and non-enzymatic processes
(Yamasaki and Sakihama, 2000; Bethke et al., 2004). Recently, a central mechanism for
the sensing of NO in plants mediated through a plant-specific group VII ethylene response
factor (ERF) has been identified (Gibbs et al., 2014). NO signalling is also found to be
integrated with Ca2+ and cGMP signalling, although the signalling order is still unclear as
Ca2+ and cGMP are found both upstream and downstream of NO signalling, indicating a
complex and possibly feedback controlled signalling network (Besson-Bard et al., 2008;
Besson-Bard et al., 2008; Domingos et al., 2015).
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Figure 1.1 Major sites of Superoxide and hydrogen peroxide production in
photosynthetic cells
GO, glycolate oxidase. 3PGA, 3-phosphoglycerate. POX, peroxidase. RuBisCO, ribulose
1,5-bisphosphate carboxylase/oxygenase. RuBP, ribulose 1,5-bisphosphate. SOD,
superoxide dismutase. XO, xanthine oxidase. From (Mhamdi et al., 2010)
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1.2.4

Cross-talk between different stresses and the signalling pathways

In the natural environment, stresses encounter in a complex interplay, so that over a
plant’s life cycle multiple stressors can occur either together or at different times during
development. For example, drought or dehydration stress are often coupled with hightemperature induced acceleration of water loss. The shortage of water availability in soil
caused by drought is likely to elevate the salt concentration and also to reduce the
acquisition of nutrients, thus leading to salinity stress and nutrient deficiency, respectively.
In addition, given the fact that most types of stresses are able to induce secondary ROS
or osmotic stress, the pathways for stress signalling are necessarily convergent at different
hubs to allow for a more effective response. Crosstalk between stresses and various
stress signalling pathways appears to be universal in plants (Knight and Knight, 2001;
Fujita et al., 2006; Smékalová et al., 2014). It was reported that ROS homeostasis is
controlled by the calmodulin-dependent activation of MAP kinase (Takahashi et al., 2011).
This provides a good example in explicating the cross-talk between different signalling
pathways in plant stress response.
1.3

Plant stress response and its regulation

Due to their immobility, plants have developed complex and sophisticated networks
involving physiological, biochemical and molecular mechanisms to overcome the
unfavourable effects of stress (Eyidogan et al., 2012). These can be classified into three
categories: susceptibility, avoidance and tolerance with the response differing based on
the intensity of stress encountered. Stress signalling through multiple pathways includes
changes in transcription and protein level, modulation at the epigenetic level, and
alteration of hormones and metabolites, which together lead to the physiological and
morphological responses. Intrinsically, at the cellular level, the response to stress involves
the transitions of cellular homeostasis before and after the stress occurs. Global changes
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are shown in Figure 1.2 and involve multiple processes and complex regulation, including
hormone signalling, transcriptional and posttranscriptional regulation, posttranslational
protein modification and epigenetic regulation. These processes function together
eventually resulting in stress adaptation. In Arabidopsis, the easy access to a mutant
library provides a valuable resource in elucidating the components in the stress response.
In addition, the genome-wide analytic tools including transcriptome, proteome and
metabolome analyses contribute to the elucidation and understanding of plant stress
signalling, regulation and response (Figure 1.2).
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Figure 1.2 Overall model of an abiotic stress response
From (Hirayama and Shinozaki, 2010)
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1.3.1

Phytohormones involvement in the response to stress

Phytohormones are a class of chemical regulators controlling multiple processes in plant
growth and development. The main phytohormones are auxin, cytokinin, gibberellic acid,
ethylene, abscisic acid, brassinosteroid, jasmonic acid, salicylic acid and strigolactone. All
of them play crucial roles in the varying responses to different plant stresses and
adaptation (Eyidogan et al., 2012).
ABA is one of the most important hormones in the signalling of multiple plant processes
including stress response, particularly water stress triggered by the dehydration effect of
drought, salinity and cold (Boudsocq and Laurière, 2005; Danquah et al., 2014). The ABA
level increases under stress conditions. ABA signals are perceived by the ABA receptors
(Fujii and Zhu, 2009; Ma et al., 2009; Park et al., 2009) that positively regulate the activity
of the kinase SnRK2, which in turn actives the AREB/ABF transcription factors to regulate
downstream expression of stress-responsive genes (Nakashima and YamaguchiShinozaki, 2013). SnRK2 also negatively regulates stomatal opening, thus preventing
extra water loss during the dehydration condition (Sato et al., 2009).
Auxins mainly function in the growth and development processes in plants. However, they
also have their roles in stress response. In rice, many members of the auxin responsive
genes are differentially expressed under diverse stress conditions (Jain and Khurana,
2009). Auxin is also involved in cold response. It is found that cold stress primarily targets
intracellular auxin trafficking through selective inhibition of some auxin transport proteins
(Shibasaki et al., 2009). A transcriptional analysis has revealed that a number of genes
positively regulated by auxin are down-regulated in the response to wounding (Cheong et
al., 2002).
Ethylene is a gaseous hormone and has long been characterized as a stress hormone
despite its function in a variety of processes throughout the plant lifecycle (Wang et al.,
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2013). In Arabidopsis, the ethylene signal is perceived by five ethylene receptors, followed
the activation of a MAPKKK protein CTR1, which in turn phosphorylates EIN2 protein and
prevents its translocation into the nucleus. EIN2 is a key regulator of the primary
transcription factor EIN3, which can turn on many downstream ethylene response factors
(ERFs) (Tao et al., 2015). Ethylene is reported to be involved in the response to biotic
stress (Fujita et al., 2006), salinity (Tao et al., 2015), and submergence tolerance (Xu et
al., 2006). Extensive evidence demonstrates that ERFs are key regulatory hubs in
hormone and stress signalling (Muller and Munne-Bosch, 2015).
Previous studies revealed the participation of other phytohormones in plant stress
response and signalling. SPINDLY (SPY), an important negative regulator of GA signalling,
is involved in plant abiotic stress response. Expression of SPY is induced under stress
conditions and a spy mutant develop more tolerance to high-salinity and water deficiency
(Qin et al., 2011). Overexpression of cytokinin oxidase/dehydrogenase, an enzyme
involved in cytokinin deactivation, enhances the tolerance to drought and heat stress in
tobacco (Macková et al., 2013). Cytokinin is also involved in the cross-talk between plant
biotic and abiotic stress responses (O'Brien and Benkova, 2013). Jasmonate and salicylic
acid are hormones that play critical roles in plant immune defense to biotic stresses,
although they also participate in abiotic stress response (Pál et al., 2013; Santino et al.,
2013; Zheng et al., 2015). The involvement of brassinosteroid (BR) in plant stress
response is becoming better characterized, although it is also involved in plant growth and
development, and in addition, extensive interactions are found between BR and other
hormones (Hao et al., 2013). Recently, growing evidence confirmed the roles of
strigolactone (SL) in plant stress response (Ha et al., 2014).
1.3.2

Transcriptional regulation in response to stress

Regulation of gene expression through stress-responsive transcription factors constitute
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the largest and most important factors in plant stress response and adaptation (Singh et
al., 2002). The key transcription factor families involved in stress response include HSF,
WRKY, NAC, AP2/ERF, MYB, bZIP, bHLH and MYC (Figure 1.3). They function in the
response to a specific stress or in the cross-talk between different stresses (Seki et al.,
2002; Deinlein et al., 2014). Bioinformatics approaches have been applied for identifying
the stress-responsive transcription factors and their responsive genes (Naika et al., 2013).
1.3.2.1

HSF transcription factors and stress response

HSF transcription factors are mainly involved in the response to heat stress. They can be
bound and activated by Heat shock proteins (HSPs), which is induced by heat stress
(Scharf et al., 1990). Analysis of the mutants of HSF family members hasrevealed the key
roles of HsfA1a and HsfA1b in regulating the expression of genes that are responsive to
the initial-phase of heat stress (HS), as well as the role of HsfA2 in the regulation during
prolonged HS as well as the recovery stage (Busch et al., 2005; Nishizawa et al., 2006;
Schramm et al., 2006). Recently, it has been found that HsfA3 is regulated by DREB2A,
which is a transcription factor that regulates the expression of dehydration-responsive
genes (Sakuma et al., 2006), providing evidence that HSFs may be involved in the
crosstalk in response to other stresses as well.
1.3.2.2

NAC transcription factors and stress response

NAC is a large group of transcription factors with 138 transcripts belonging to 117 gene
loci in Arabidopsis (Jin et al., 2014). It is estimated that ~20%-25% of NAC genes are
involved in one or multiple stress responses, such as salinity, drought, cold and ABA (Fujita
et al., 2004; Fang et al., 2008; Nuruzzaman et al., 2010). The expression of NAC factors
may be regulated by several stress-responsive cis-elements in their promoters via other
transcription factors which can bind to those cis-elements (Puranik et al., 2012). Recently,
it has been reported that most of the NAC genes in Arabidopsis are responsive to salinity
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and extreme temperature (Zeller et al., 2009; Jensen et al., 2010), and overexpression of
a NAC factor in rice enhances drought and salt tolerance (Hu et al., 2006). NAC genes
are also up-regulated by biotic stress, and the application of the hormones, which are
responsive to biotic stress signalling, such as SA, JA and ethylene is able to increase the
expression of some of the NAC genes (Tran et al., 2004; Nakashima et al., 2007; Xia et
al., 2010; Yoshii et al., 2010).
1.3.2.3

WRKY transcription factors and stress response

WRKY transcription factors are also a large family of plant transcription factors, with 74
genes present in the Arabidopsis genome (Ülker and Somssich, 2004). Extensive studies
on WRKY transcription factors make them one of the best-characterized classes of
transcription factors. WRKY factors are not only involved in developmental processes and
hormone signalling (Johnson et al., 2002; Xu et al., 2004; Miao and Zentgraf, 2007; Zhou
et al., 2011), but also play important roles in plant biotic and abiotic response (Chen et al.,
2012). Studies have shown that expression of many WRKY genes is rapidly and strongly
increased under various stresses, such as biotic, drought, cold, salinity and nutrient
deficiency (Ülker and Somssich, 2004; Pandey and Somssich, 2009; Ren et al., 2010; Zou
et al., 2010; Qin et al., 2013). WRKYs function in the stress response through regulating
the expression of several stress-responsive genes including the genes in the ABAmediated response to drought, salinity and osmotic stresses, HSPs genes in the heat
response, CBF genes in the cold response and PHO genes in phosphate deficiency as
well as JA biosynthesis genes in response to wounding or herbivore-induced stress (Chen
et al., 2012).
1.3.2.4

AP2/ERF transcription factors and stress response

AP2/ERF, another large transcription factor family plays pivotal roles in abiotic stress
signalling and response. The Arabidopsis genome encodes 145 AP2/ERF genes and
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these can be divided into different subfamilies and further subgroups based on the
divergence in protein structure (Mizoi et al., 2012). The DREB1/CBF subgroup has been
characterized to be the major regulator in response to cold stress. DREB1A/CBF3,
DREB1B/CBF1 and DREB1C/CBF2, three members in this subgroup are rapidly induced
under cold conditions, and overexpressing any one of these three genes leads to the
tolerance to freezing, high salinity and drought stress (Gilmour et al., 1998; Liu et al., 1998).
The genes belonging to the DREB2 subgroup mainly function in the response to
dehydration and heat shock (Liu et al., 1998; Sakuma et al., 2006). Their protein activity
is regulated by auto-repression and post-transcriptional mechanisms (Sakuma et al., 2006;
Qin et al., 2008). The ERF subfamily, named ethylene response factors, are generally
considered to be mediators in the ethylene response. Given the fact that ethylene is
involved in multiple stress responses, it is not surprising that many ERF genes function in
these, such as drought, high salinity and biotic attack (Fujimoto et al., 2000; Park et al.,
2001).
1.3.2.5

Other types of transcription factors and stress response

The involvement of other transcription factors in plant stress responses have been studied
extensively. For example, several MYB factors function in response to drought, salt and
disease resistance (Dubos et al., 2010). In addition, some bZIP transcription factors, such
as ABF3 and ABF4 that bind the ABA-responsive element (ABRE), are characterized to
be tolerant to freezing, heat and oxidative stress when overexpressed (Kim et al., 2004).
Arabidopsis MYC2, a bHLH transcription factor, is induced by ABA, drought and high
salinity and overexpression of MYC2 enhances sensitivity to ABA (Abe et al., 2003).
Another ABA-inducible bHLH transcription factor, JAM1, has been shown to be a negative
regulator of JA signalling (Nakata et al., 2013). This indicates that bHLH has a potential
role in ABA response and signalling and thus a possible role in stress response. Finally,
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as will be discussed in more detail below, the GATA transcription factors GNC and CGA1
are involved in the plant response to nutrient stress conditions.
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Figure 1.3 Transcriptional regulatory network functioning in drought, salinity and cold stress responses
Elliptical objects and gray boxes indicate functional proteins and cis‐elements, respectively. Solid lines and dotted lines are direct or
indirect links, respectively. Colored lines indicate modifications. Gray dotted lines show uncertain connections. From (Hirayama and
Shinozaki, 2010)
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1.3.3

Epigenetic regulation in stress responses

Recently, growing evidence supports the importance of epigenetic regulation in plant
stress response (Gutzat and Mittelsten Scheid, 2012). Several hormones, such as ABA
and ethylene during some abiotic stresses and SA, JA during biotic stress, can serve as
the signals for epigenetic regulation through modulating the levels of epigenetic
components, including non-coding RNA (ncRNA), siRNA and their corresponding proteins
(Gutzat and Mittelsten Scheid, 2012; Khraiwesh et al., 2012). Small RNAs play important
role in RNA dependent DNA methylation (RdDM), which is one of the main mechanisms
in developing “stress memory” (Crisp et al., 2016) (Figure 1.4). One study in Arabidopsis
has revealed a widespread dynamic of DNA methylation in the response to biotic or SA
stress, and that DNA methylation changes within transposons can regulate expression of
neighbouring genes during biotic stress (Dowen et al., 2012). Specific epigenetic changes
in response to various stresses are also summarized in (Kinoshita and Seki, 2014). Other
epigenetic changes including histone acetylation and methylation, chromatin remodelling
and the cross-talk between different epigenetic regulation are important contributors to the
complex and sophisticated networks in plant stress responses (Grativol et al., 2012; Luo
et al., 2012).
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Figure 1.4 Schematic illustration of plant stress memory
From (Kinoshita and Seki, 2014)
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1.3.4

Ubiquitin-dependent protein degradation in response to stress

Protein degradation via the ubiquitin-proteasome system (UPS) is a critical and essential
mechanism in maintaining the abundance of important proteins, which are required in
diverse pathways (Vierstra, 2009). As the central component of UPS, ubiquitin ligases
(E3s) are extensively characterized in plant response to various abiotic stresses, and one
single E3 usually play roles in multiple stress responses (Lyzenga and Stone, 2012). UPS
can function both positively and negatively during the stress response, which is
determined by the nature of the substrate protein of the E3s. When the ubiquitination
targets a positive regulator in stress response, its subsequent degradation would
terminate in order to lead to the stress response adaptation. On the other hand,
ubiquitination would be enhanced by a negative regulator in a stress response pathway,
leading to the degradation of it and activate the stress response pathway (Stone, 2014).
Numerous E3 ligases acting as positive or negative regulators in plant stress response
have been discovered. For example, expression of the Arabidopsis E3 gene MIEL1 is
down-regulated by bacterial inoculation, resulting in the up-regulation of its target protein
MYB30, thus leading to an enhanced defence response to the pathogen (Marino et al.,
2013). Another Arabidopsis E3 gene AIRP3/LOG2 was is a positive regulator in response
to high-salinity and drought stress by degrading the RD21 protein (Kim and Kim, 2013).
1.3.5

Physiological response to stresses

Photosynthesis is fundamental for all growth and development processes. It requires light,
water and CO2, thus a sub-optimal condition in any of these factors will cause decreased
photosynthetic activity (Chaves et al., 2009) and further affect the accumulation of biomass
(Zhu et al., 2008). Moreover, stresses also alter the architecture of plants with different
morphological changes in the shoot and root as well as the shoot-root ratio. For example,
plants experiencing nutrient deficiency generate larger roots than those grown under
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normal condition in order to seek and obtain more nutrient, whereas deficiency in CO2
results in reduced root growth (Ericsson, 1995). Under submerged stress, the stem
elongation growth in rice is enhanced as a flooding avoidance strategy (Ayano et al., 2014).
It has been demonstrated that the root system architecture which is controlled by DEEPER
ROOTING 1 (DRO1) in rice contributes to the yield increase under drought stress (Uga et
al., 2013).
Early flowering is another general response of plants dealing with stresses. Flowering time
is controlled by sophisticated networks and involves multiple environmental factors. Under
adverse conditions, plants tend to flower earlier than those grown under non-stress
conditions, most likely to ensure the maximum success of the reproduction process.
Recently, it was found that Arabidopsis miR169d, a member of the miR169 family, can be
induced by abiotic stresses and plays an important role in controlling flowering time by
regulating its target gene NF-YA2 under stress conditions (Xu et al., 2014).
The most common and prominent physiological response to stresses in plants is early
senescence. The senescence process is precisely controlled and dependent on the
growth and developmental status. Natural senescence occurs along with aging, during
which programmed cell death (PCD) and nutrient remobilization take place starting from
older leaves. Stress-induced senescence is usually more drastic but involves a similar
process and response as natural senescence (Zhang and Zhou, 2013). Although multiple
endogenous and environmental factors, diverse aspects of metabolism and molecular and
cellular regulation are involved in senescence signalling and response, they all converge
on chloroplast destruction and chlorophyll (Chl) break-down (Carter and Knapp, 2001).
The decline in chlorophyll content is one of the earliest symptoms of stress-induced leaf
senescence, during which the degradation of the light-harvesting chlorophyll a/b binding
proteins (LHCBs) leads to the release of free chlorophyll which is subsequently
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catabolized to phototoxic, cell-damaging Chl break-down intermediates (Balazadeh, 2014).
Under stress conditions, the activities of enzymes involved in chlorophyll biosynthesis
decline and this is usually coupled with the increased activities of the enzymes important
for chlorophyll degradation. Several studies indicate that the chlorophyll content declines
under various stress conditions, including drought, high light, heat, salinity, cold, nitrogen
limitation and also the increased level of ROS, which can be generated as a result of these
stress conditions (Sanchez et al., 1983; Diaz et al., 2006; Hortensteiner, 2006; Sakuraba
et al., 2013). In addition, the stay green mutants (sgrs) exhibit delayed stress-induced
senescence (Sakuraba et al., 2012; Sakuraba et al., 2014; Sakuraba et al., 2014). These
studies indicate that the level of chlorophyll is associated with the stress level. Chlorophyll
loss under adverse environmental conditions allows for the recycling of nutrients from
senescing tissues to support those which survive or for finishing reproduction. Thus,
chlorophyll breakdown is a strategy for plants to adapt to stress conditions as well
(Schelbert et al., 2009).
1.3.6

GNC and CGA1, two GATA transcription factors involved in hormone
signalling, nitrogen stress response and natural senescence

GATA transcription factors are characterized based on the presence of the GATA motif
binding zinc-finger domain (Lowry and Atchley, 2000). GATA motifs are present extensively
in the promoters of light and circadian responsive genes (Arguello-Astorga and HerreraEstrella, 1998), suggesting the possible function of GATA factors in light regulation. In fungi
and yeast, GATA factors play an important role in regulating nitrogen metabolism (Jarai et
al., 1992; Hofman-Bang, 1999; Tao and Marzluf, 1999).
The GATA, NITRATE-INDUCIBLE, CARBON METABOLISM-INVOLVED (GNC) gene and
its homologue the CYTOKININ-RESPONSIVE GATA FACTOR 1 (CGA1 also named GNL,
short for GNC-LIKE) were characterized initially in Arabidopsis as being involved in
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nitrogen/carbon metabolism and cytokinin response respectively (Bi et al., 2005; Naito et
al., 2007). They have since been found to be crucial genes in the response to various plant
hormones including GA, auxin, ABA and cytokinin (Naito et al., 2007; Richter et al., 2010;
Richter et al., 2013). In addition, they have been found to play an important role in
developmental processes like flowering time and senescence (Hudson et al., 2011;
Richter et al., 2013). The most obvious physiological role for these genes is their regulation
of chloroplast number and chlorophyll level in response to developmental timing as well
as to plant stress which has been shown in particular for growth under varying nutrient
conditions as well as to cold stress (Bi et al., 2005; Hudson et al., 2011; Chiang et al.,
2012; Hudson et al., 2013; Richter et al., 2013). Various studies indicate that GNC and
CGA1 are important regulators in multiple hormone signalling pathways, in the natural
senescence process as well as in stress induced senescence. However, the target genes
of GNC and CGA1 involved in the regulation of multiple processes, including natural
senescence and greening have barely been elucidated.
1.3.7

Metabolic response to stresses

Metabolic changes, both in primary and secondary metabolism, are important responses
for plant acclimation to adverse environmental conditions (Bohnert and Sheveleva, 1998).
For example, stresses affecting photosynthetic capacity lead to the disruption of carbon
metabolism and an imbalance in the carbon/nitrogen ratio (Leakey et al., 2009), which
further results in impaired nitrogen metabolism (Sweetlove et al., 2010). Some specific
metabolites have exclusive roles in plant stress response. For example, accumulation of
proline is an important strategy for plants to regulate cellular osmotic conditions that can
be disrupted by drought, salinity and cold (Verslues and Sharma, 2010). Other metabolites
with similar functions have been characterized such as trehalose, glycinebetaine and
polyamines (Chan et al., 2013). Trehalose is actually hypothesized to have protective roles
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under various abiotic stresses (Fernandez et al., 2010; Henry et al., 2015). Raffinose has
a dual function as an osmoprotectant and as a hydroxyl radical scavenger (Nishizawa et
al., 2008). Recently, a new cyanogenic metabolite has been discovered to function in
inducible pathogen defence (Rajniak et al., 2015).
Many plant secondary metabolites are thought to be unnecessary for plant growth and
development, whereas they play many roles in plant defence against environmental
perturbations (Wink, 2003). Secondary metabolism speeds up under adverse
environmental conditions, leading to the accumulation of various secondary metabolites
in response to different stresses. There is considerable evidence implicating the
involvement of secondary metabolites in biotic and abiotic stress tolerance (Glombitza et
al., 2004).
1.3.8

Flavonoids as antioxidant in plant stress responses

Flavonoids including anthocyanin are a group of secondary metabolites, and their
antioxidant activity has been extensively studied (Zhang et al., 2014). They are important
secondary metabolites belonging to a class of phenolic compounds, and their biosynthesis
is one of the best characterized metabolic pathways in plants (Broun, 2005). The function
of this pathway can therefore be explored in detail due to the availability of the mutants in
genes coding for the enzymes involved in each step of its biosynthetic pathway, the socalled transparent testa mutants (tt mutants) (Shirley et al., 1992). Flavonoids play
significant roles in plant growth and development as well as in response to adverse
environment conditions. It was long hypothesised that flavonoids mainly function in
photoprotection via the screening of UV-B because flavonoids are observed to have a
specific absorbance at 280-320 nm (Burchard et al., 2000). In addition, some Arabidopsis
flavonoid mutants are hypersensitive to UV-B irradiation and a mutant showing tolerance
to UV-B has an elevated accumulation of flavonoids (Li et al., 1993; Bieza, 2001). However,
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growing evidence supports that flavonoids function primarily in their antioxidant capacity
through scavenging excess ROS, which are generated by excess light irradiation and
other stresses (Fini et al., 2011). A recent study indicate that the radical scavenging activity
resides in the number of the -OH groups in their B-ring (Zhang et al., 2015).
Anthocyanins are a group of the final products in the flavonoid pathway and have been
shown in many studies to accumulate under various adverse environmental conditions
(Zhang et al., 2014). Anthocyanins are believed to provide protective roles under these
stresses (Fini et al., 2011). Although anthocyanins have been revealed to have potential
benefit in human health application, and plants extracts with high content of anthocyanin
(or flavonoids) show enhanced antioxidant capacity, in vivo evidence for their antioxidant
capacity in plants and the function of each type of flavonoid in plant development and
stress response remains incomplete.
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1.4

Objectives of this thesis

This thesis applied two commonly used approaches for understanding the transcriptional
regulation and physiological modulation of plants in response to various stress conditions.
The first approach focused on the physiological responses as well as molecular and
cellular alterations of various anthocyanin mutants to adverse stress conditions at different
developmental stages. Ten Arabidopsis anthocyanin mutants with either reduced or
enhanced accumulation of anthocyanins were used for this work. The second approach
mainly employed a ChIP-Seq study to explore the genome-wide identification of putative
target genes of the two Arabidopsis GATA transcription factors GNC and CGA1, which as
discussed above are involved in chloroplast development and early senescence.
Meanwhile, the function of one of the homologous rice GATA factor, OsGNC, was studied.
Two main hypotheses were tested:
1. Reactive oxygen species (ROS) are important signals in triggering anthocyanin
biosynthesis, and in turn, the anthocyanins that accumulate under ROS and other
stress conditions provide protection to plants against ROS.
2. GATA transcription factors GNC and CGA1 function pleiotropically in regulating
multiple plant processes and their functions are conserved across plant species.
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2. CHAPTER

2:

ROS

Signalling-induced

Anthocyanin

Accumulation in Arabidopsis Protect Against Excess ROS Under
Stress Conditions

2.1

Abstract

Anthocyanins are water-soluble pigments with antioxidant activities and defensive roles in
plants. The accumulation of anthocyanins can be triggered by many chemical and
environmental factors. Here, we report that the presence of reactive oxygen species (ROS)
is an important signal resulting in anthocyanin accumulation. Evaluation of several
mutants that are defective in accumulating anthocyanins demonstrated that when
compared to wild-type these have more endogenous ROS and are more sensitive to ROS
and ROS generating stresses. On the other hand, supplementation with cyanidin makes
the anthocyanin-deficient mutants less susceptible to ROS. In addition, anthocyanin
defective mutants showed decreased antioxidant capacity under stress conditions. In
contrast, pap1-D, a mutant with excess accumulation of anthocyanin, contains less ROS
in leaves, and is more stress tolerant with enhanced anti-oxidant capacity compared to
wild-type plants. Gene expression analysis revealed that chlorophyll biosynthesis and
photosynthetic capacity is more impaired in anthocyanin defective mutants under high light
stress. Interestingly, the expression level of genes encoding ROS scavenging enzymes
are not correlated with the difference of the radical scavenging activity in each genotype,
suggesting that changes in the ROS scavenging activity was not due to an antioxidant
enzymatic mechanism. Thus, we conclude that ROS are important source signals to
trigger anthocyanin accumulation and, as a feed-back regulation, anthocyanins function
to scavenge ROS and protect plants against ROS generating stresses.
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2.2

Introduction

Anthocyanins are water-soluble pigments mainly concentrated in flowers and ripening
fruits and in variable amounts in leaves and stems (Jaakola, 2013; Zhang et al., 2014). In
Arabidopsis, anthocyanins are accumulated mostly in leaves and stems in an environment
dependent fashion (Gou et al., 2011). Cyanidin derivatives produced via glycosylation or
acylation are the major forms of anthocyanins found in the leaves and stems of mature
Arabidopsis plants (Bloor and Abrahams, 2002). The biosynthesis of anthocyanins via
flavonoids is one of the best-studied metabolic pathways in plants (Xu et al., 2015). Most
of the genes involved in anthocyanin synthesis were originally identified based on the
analysis of mutants deficient in seed coat pigmentation, the so-called transparent testa (tt)
mutants (Shirley et al., 1992). Generally, the genes involved in anthocyanin synthesis are
divided into two groups: early biosynthetic genes (EBGs), which are used to form the
precursors for anthocyanin synthesis; and late biosynthetic genes (LBGs), which are the
downstream genes of this pathway (Lepiniec et al., 2006; Owens et al., 2008; Jaakola,
2013; Zhang et al., 2014) (Figure 2.1B).
Recent studies have revealed many aspects of the transcriptional regulation of
anthocyanin biosynthesis. In Arabidopsis, three groups of transcription regulators that
form complexes have been identified as regulating different anthocyanin biosynthetic
genes (Broun, 2005; Xu et al., 2015). The first group consists of MYB transcription factor
genes, such as PAP1 (MYB75), PAP2 (MYB90), MYB113, and MYB114, which are positive
regulators of anthocyanin synthesis (Borevitz et al., 2000; Gonzalez et al., 2008). The
second group involves three functionally redundant bHLH transcription factor genes TT8,
GL3 and EGL3, the mutants of which lead to anthocyanin deficiency (Zhang et al., 2003).
The last group is a single gene, TTG1, encoding a WD40 repeat-containing protein, which
forms complexes with MYB and bHLH proteins (called the MBW complex) to positively
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regulate anthocyanin synthesis (Figure 2.1A) (Walker, 1999; Zhang et al., 2003).

Figure 2.1 Anthocyanin regulatory and biosynthetic pathway
(A) Main transcriptional regulators in anthocyanin biosynthesis
(B) Main anthocyanin biosynthetic pathway including each enzyme and names of their
coding genes
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Recently, other positive and negative regulators of anthocyanin synthesis affecting the
stability or competing with components of the MBW complex have been reported. For
example, the transcription factors SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9
(SPL9) and CAPRICE (CPC) are negative regulators by competing with PAP1 in the
binding to TT8 and TTG1. (Zhu et al., 2009; Gou et al., 2011). In addition, other
transcription factors regulate anthocyanin synthesis in response to external signals. For
instance, MYBL2 was recently identified to repress anthocyanin accumulation in the dark
by competing with PAP1 in the MBW transcription complex (Dubos et al., 2008; Matsui et
al., 2008). Another group of transcription factors, LBD37, LBD38 and LBD39, are
repressors of anthocyanin accumulation under low nitrogen conditions (Rubin et al., 2009).
There are a number of developmental and environmental factors which trigger the
accumulation of anthocyanins including senescence (Hoch et al., 2001), hormones (Loreti
et al., 2008; Peng et al., 2011; Li et al., 2014), UV light (Bieza, 2001), high-light, heat, cold,
drought, salinity stress, nutrient deficiency, chemicals and pathogen infection.
Anthocyanins are believed to provide protective roles under these stresses (Rolland et al.,
2006; Catala et al., 2011; Fei et al., 2014; Li et al., 2014; Nakabayashi et al., 2014; Shi
and Xie, 2014) and anthocyanin-deficient mutants can have different growth responses
under some chronic stresses as well as under non-stress conditions (Li et al., 1993;
Misyura et al., 2013).
Environmental stresses lead to the disruption of the metabolic balance of cells, resulting
in the induction of reactive oxygen species (ROS) (Sharma et al., 2012). ROS are
unavoidable byproducts of cell metabolism and are important signalling molecules (Apel
and Hirt, 2004; Moller et al., 2007). However, excess ROS accumulation in the form of
superoxide (O2−), hydrogen peroxide (H2O2), singlet oxygen (1O2), hydroperoxyl radical
(HO2.) and hydroxyl radical (OH.) (Vranova, 2002) can cause cellular damage and lead to
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cell death (Mittler, 2002). ROS homeostasis is maintained at low levels under normal
growth condition. However, when the homeostasis is disrupted by environmental stimuli,
excess ROS leads to membrane oxidation and disruption of the photosystems, and can
cause severe cellular damage (Vranova, 2002). Plants possess complex and
sophisticated enzymatic and non-enzymatic mechanisms to eliminate excess ROS in
order to allow them to endure different stresses. Superoxide dismutase (SOD) is able to
convert O2− into H2O2, which is subsequently converted into H2O by ascorbate peroxidase
(APX) and catalase (CAT). These three enzymes play major roles in scavenging O2− and
H2O2 (Bowler et al., 1992; Willekens et al., 1995; Willekens et al., 1997). In addition, many
non-enzymatic components such as ascorbate, glutathione, carotenoids, tocopherols and
phenolic compounds (including flavonoids and anthocyanins) serve as antioxidants and
contribute to the protection against ROS (Rice-Evans et al., 1997; Halliwell, 2006).
Previous studies have revealed that the buildup of anthocyanins could extend the shelflife of tomato during ripening and mold infection (Zhang et al., 2013; Zhang et al., 2015).
PAP1 activation-tagged Arabidopsis, which accumulate anthocyanin even under normal
growth conditions, was also shown to enhance tolerance against drought stress
(Nakabayashi et al., 2014).
Since the production of anthocyanins is markedly increased under a variety of
environmental stress conditions, each of which in turn can cause cellular oxidative stress,
we hypothesized that ROS accumulation is the source signal leading to the increased
production of anthocyanins under various stresses. In this work, we tested this hypothesis
and analyzed whether the accumulation of anthocyanins is important to modulate the
damage triggered by excess cellular ROS. In addition, a systematic investigation of the
response of anthocyanin mutants to ROS or other abiotic stresses was performed to
address the role of ROS in anthocyanin accumulation and in turn the role of anthocyanins
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in defense against excess ROS.
Ten anthocyanin mutants covering the main regulatory and biosynthetic steps in the
anthocyanin pathway were evaluated under high light, cold and oxidative stress and at
different developmental stages. We used paraquat and 3-AT to induce ROS stress on
young seedlings, since both treatments enhance endogenous levels of O2− and H2O2. High
light (900 μmol · m-2 · s-1) and cold (4 ℃) were chosen as representatives of acute and
chronic ROS-generating stress for mature plants, respectively. By analyzing the
phenotype, quantifying the physiological responses of the plants and analyzing gene
expression levels, our data suggests that ROS are the signals that trigger the
accumulation of anthocyanins under stress conditions, and in turn, the ROS-scavenging
role of anthocyanins prevents chlorophyll loss and helps in maintaining photosynthetic
capacity to aid plant survival.
2.3
2.3.1

Result
Superoxide (O2−) and hydrogen peroxide (H2O2) trigger anthocyanin
accumulation

To investigate the role of ROS in anthocyanin accumulation, Arabidopsis Col-0 wild-type
(WT) seedlings were transferred to 1/2 MS medium containing different concentrations of
paraquat (an O2− generating chemical) or 3-AT (a catalase inhibitor, thus triggering
accumulation of H2O2) and incubated under continuous light or 16h light/8h dark for 2 or 5
days. After 5 days, significant accumulation of anthocyanin was observed, with increases
of about 15-fold and 5-fold for the paraquat and 3-AT treatments, respectively (Figure 2.2A,
Figure 2.3 A, Figure 2.5). In addition, a significant reduction of chlorophyll content was
also observed (Figure 2.2A, Figure 2.3 B, Figure 2.5). NBT and DAB staining were
performed to determine the relative abundance of O2− and H2O2 in vivo for both treatments.
The endogenous levels of O2− and H2O2 were significantly increased under both
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treatments compared with control seedlings (Figure 2.2B, C).
The relative expression levels of different anthocyanin regulatory and biosynthetic genes
as well as chlorophyll degradation genes were quantified after 48h of treatment with
paraquat or 3-AT. Among the three key transcriptional regulators (PAP1, TT8, TTG1),
PAP1 and TT8, were significantly up-regulated (Figure 2.4A, B). Although the expression
of PAP2 was increased similarly to PAP1, the expression levels of TTG1 and the two
homologues of TT8 (GL3 and EGL3) were not changed (Figure 2.6A, C), suggesting that
the activation of the TT8 gene is sufficient to trigger anthocyanin accumulation in the early
response stage towards ROS. Expression levels of MYB11, MYB12, MYB111, MYB113
and MYB114, positive regulators of anthocyanin biosynthesis (Guo et al., 2014), varied to
different extents (Figure 2.6A, C). Two late biosynthetic genes (LBGs), TT3 and TT18,
were also up-regulated dramatically (Figure 2.4A, B), and this is well correlated with the
expression of their regulatory genes, MYB113 and MYB114 (Figure 2.6A, C). In addition,
two chloroplast protein genes, NYE1 and PPH1, which play a role in chlorophyll
breakdown (Ren et al., 2007; Schelbert et al., 2009), were also found to be up-regulated
(Figure 2.4A, B). This suggests that the degradation of chlorophyll was initiated after 48h
treatment of paraquat or 3-AT even though the loss of chlorophyll is not yet observed
phenotypically at this point in time. Most of the EBGs (TT4, TT5, TT6, TT7) were not upregulated, but instead were significantly down-regulated under 3-AT treatment (Figure
2.6B, D), and the expression of their regulatory genes, MYB12 and MYB111 were also not
up-regulated (Figure 2.6A, C). In addition, the expression of TT19, which encodes a
facilitator of the anthocyanin transporter, increased significantly (Figure 2.6B, D). Together,
these results indicate that ROS triggers the accumulation of anthocyanin by activating the
expression of LBGs and their regulatory genes.
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Figure 2.2 Response of Arabidopsis plants to paraquat and 3-AT
5-day-old Arabidopsis (Col-0) plants grown on 1/2 MS were transferred to control, 0.5 or
1 μM paraquat and 15 or 30 μM 3-AT medium for another 5 days.
(A) Phenotype of WT plants under control, 1 μM paraquat (24h light) or 30 μM 3-AT (16h
light/8h dark) conditions for 5 days. (Bar=1cm)
NBT staining for superoxide and DAB staining for H2O2 of WT plants under (B) 1 μM
paraquat and (C) 30 μM 3-AT treatment for 5 days. (Bar=1mm)
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Figure 2.3 Pigment analysis of Arabidopsis plants under paraquat or 3-AT treatment
(A) Anthocyanin accumulation and (B) chlorophyll content in 5 days WT plants treated with
different concentrations of paraquat and 3-AT.
Data represented means ± SD. The Student’s t-test analysis indicates significant level
compared to controls (* P<0.01).
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Figure 2.4 Gene expression analysis of anthocyanin and chlorophyll genes
5-day-old Arabidopsis (Col-0) plants grown on 1/2 MS were transferred to control, 0.5 or
1 μM paraquat and 15 or 30 μM 3-AT medium for another 2 days.
Relative expression levels of key anthocyanin regulatory and biosynthesis genes as well
as chlorophyll degradation genes in WT plants treated with (A) 1 μM paraquat and (B) 30
μM 3-AT for 48h.
Data represented means ± SD. The Student’s t-test analysis indicates significant level
compared to controls (* P<0.01).
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Figure 2.5 Arabidopsis phenotype under paraquat and 3-AT treatment with 24h
light
5-days-old Arabidopsis (Col-0) plants grown on 1/2 MS medium were transferred to control
and 1 μM paraquat or 30 μM 3-AT medium for 5 more days.
WT plants on (A) control 1/2 MS; (B) 1/2 MS containing 1 μM paraquat and (C) 1/2 MS
containing 30 μM 3-AT for 5 days under 24h light.
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Figure 2.6 Expression of other anthocyanin related genes under paraquat and 3AT treatment
5-days-old Arabidopsis (Col-0) plants grown on 1/2 MS medium were transferred to control
and 1 μM paraquat or 30 μM 3-AT medium for 2 more days.
Relative expression level of (A) anthocyanin regulatory genes and (B) anthocyanin
biosynthetic genes after 48h treatment with 1 μM paraquat.
Relative expression level of (C) anthocyanin regulatory genes and (D) anthocyanin
biosynthetic genes after 48h treatment with 30 μM 3-AT.
Data represented means ± SD. The Student’s t-test analysis indicates significant level
(compared with control * P<0.01).
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2.3.2

Anthocyanin deficient mutants are sensitive to ROS and cyanidin is able to
reverse this sensitivity

In order to investigate the sensitivity of anthocyanin mutants to ROS, mutants of three key
transcription factors that regulate anthocyanin biosynthesis (tt8-6, ttg1-22, pap1-D); six
biosynthetic mutants which cover each step of anthocyanin biosynthesis (tt4-11, tt5-2, tt63, tt7-5, tt3, tt18) and one mutant for the anthocyanin transporter facilitator (tt19-8) were
subjected to various concentrations of paraquat and 3-AT for different periods. Each tt
mutant is a loss of function mutant (Bowerman et al., 2012; Appelhagen et al., 2014)
except pap1-D, which is a gain of function mutant (Borevitz et al., 2000). The sensitivity
was recorded by counting the number of seedlings showing chlorosis. After treatment for
5 days, most of the tt mutants displayed sensitivity to paraquat and 3-AT to varying extents
(Figure 2.7; Figure 2.10; Figure 2.11) even under a low concentration of paraquat (0.2 μM)
(Figure 2.11). In addition, the trend of sensitivity remained similar in longer treatments of
10 days and 21 days (Figure 2.12; Figure 2.13; Figure 2.14; Figure 2.15). tt3, tt5-11, tt75, tt8-6 and ttg1-22 show the highest sensitivity to ROS. pap1-D, which over-accumulates
anthocyanins, showed significantly lower sensitivity to ROS than WT (Figure 2.10 - Figure
2.15). tt18 was also very sensitive to ROS. Although tt18 seedlings did not show more
chlorosis than WT after treatments for 5 or 10 days, their growth was significantly
repressed compared to WT (Figure 2.7; Figure 2.12) and their sensitivity is significant
increased with longer treatment (Figure 2.12; Figure 2.14). The sensitivity of tt6-3 is
significantly increased under a high dose of paraquat (0.5 μM) and longer treatment (21
days). In contrast, the sensitivity of tt19-8 to ROS is mostly not significantly changed
compared to WT (Figure 2.10; Figure 2.11; Figure 2.13; Figure 2.15). These results
indicate that anthocyanins are important in the tolerance of Arabidopsis seedlings to ROSinduced stress.
To confirm the role of anthocyanins in defending against ROS, the common anthocyanin
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precursor cyanidin (Figure 2.1B) was used as a supplement (400 μM cyanidin chloride) to
the 1/2 MS medium along with 0.25 μM paraquat or 15 μM 3-AT. The phenotype of all the
tt mutants was reversed in the presence of cyanidin chloride with a significant decrease in
sensitivity to ROS (Figure 2.8; Figure 2.9). This in vivo complementation assay points to
the role of anthocyanins as an important protectant against ROS.
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Figure 2.7 Transparent Testa (tt) mutants are sensitive to paraquat and 3-AT
(A) Phenotype of tt mutants under 0.5 μM paraquat or 15 μM 3-AT for 5 days.
(B) Quantification data showing the sensitivity of the tt mutants in (A). (compared to WT)
Experiments were repeated 5 times and similar results were obtained. No statistical data
for plants under control condition because the sensitivity rate for all genotypes is 0% at
this time. Data represents means ± SD. The Student’s t-test analysis indicates significant
level (* P<0.05, ** P<0.01).
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Figure 2.8 Cyanidin chloride is able to reverse the sensitivity of Transparent Testa
(tt) mutants to paraquat
(A) Phenotype of tt mutants under 0.25 μM paraquat with supplementation of 400 μM
cyanidin chloride for 4 days.
(B) Quantification data showing the recovery of the sensitivity of the tt mutants.
(compared between two treatments)
Experiments were repeated 5 times and similar results were obtained. No statistical data
for plants under control condition because the sensitivity rate for all genotypes is 0% at
this time. Data represents means ± SD. The Student’s t-test analysis indicates significant
level (* P<0.05, ** P<0.01).
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Figure 2.9 Cyanidin chloride is able to reverse the sensitivity phenotype of
Transparent Testa (tt) mutants to 3-AT
(A) Phenotype of tt mutants under 15 μM 3-AT with supplementation of 400 μM cyanidin
chloride for 8 days.
(B) Quantification data showing the recovery of the sensitivity of the tt mutants.
(compared between two treatments)
Experiments were repeated 5 times and similar results were obtained. No statistical data
for plants under control condition are shown because the sensitivity rate for all genotypes
is 0% at this time. Data represents means ± SD. The Student’s t-test analysis indicates
significant level (* P<0.05, ** P<0.01)
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Figure 2.10 Sensitivity of other anthocyanin mutants under paraquat or 3-AT
treatment for 5 days
(A) Phenotype of other anthocyanin mutants exposed to 0.5 μM paraquat or 15 μM 3-AT
for 5 days.
(B) Quantification data for (A). Sensitivity of all genotypes to 15 μM 3-AT was not shown
at this time.
Data represents means ± SD. The Student’s t-test analysis indicates significant level
(compared with WT * P<0.05, ** P<0.01).
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Figure 2.11 Sensitivity of anthocyanin mutants under 0.2 μM paraquat for 5 days
(A) Phenotype of anthocyanin mutants exposed to 0.2 μM paraquat for 5 days.
(B) and (C), Quantification data for (A)
Data represents means ± SD. The Student’s t-test analysis indicates significant level
(compared with WT * P<0.05, ** P<0.01).
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Figure 2.12 Sensitivity of Transparent Testa (tt) mutants under paraquat treatment
for 10 and 21 days
(A) and (D) Phenotype of tt mutants exposed to 0.2 μM or 0.5 μM paraquat for 10 and 21
days.
(B) and (C) Quantification data for (A).
Data represents means ± SD. The Student’s t-test analysis indicates significant level
(compared with WT * P<0.05, ** P<0.01).
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Figure 2.13 Sensitivity of other anthocyanin mutants under paraquat treatment for
10 and 21 days
(A) Phenotype of other anthocyanin mutants exposed to 0.2 μM or 0.5 μM paraquat for
10 and 21 days.
(B) and (C) Quantification data for (A)
Data represents means ± SD. The Student’s t-test analysis indicates significant level
(compared with WT * P<0.05, ** P<0.01).
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Figure 2.14 Sensitivity of Transparent Testa (tt) mutants under 3-AT treatment for
10 and 21 days
(A) Phenotype of tt mutants exposed to 7.5 μM, 10 μM and 15 μM 3-AT for 10 and
21days.
(B) Quantification data for (A).
It was difficult and confusing to record sensitivity to all the concentration of 3-AT after 21
days, so only quantification data for 10 days were shown here.
Experiments were repeated 5 times and similar results were obtained. Data represents
means ± SD. The Student’s t-test analysis indicates significant level (compared with WT *
P<0.05, ** P<0.01).
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Figure 2.15 Sensitivity of other anthocyanin mutants to treatment with 3-AT for 10
and 21 days
(A) Phenotype of other anthocyanin mutants exposed to 7.5 μM, 10 μM and 15 μM 3-AT
for 10 and 21days.
(B) Quantification data for (A).
It was difficult and confusing to record sensitivity to all the concentration of 3-AT after 21
days, so only quantification data for 10 days were shown here.
Experiments were repeated 5 times and similar results were obtained. Data represents
means ± SD. The Student’s t-test analysis indicates significant level (compared with WT *
P<0.05, ** P<0.01).
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2.3.3

Anthocyanin deficient mutants accumulate more ROS in vivo

Based on our hypothesis, mutants which are defective in anthocyanin accumulation will
have more ROS in vivo. To confirm this, the accumulation of H2O2 and O2− of 4-day-old
seedlings grown on 0.1 μM paraquat or 15 μM 3-AT were determined by DAB staining or
NBT staining respectively. The staining results clearly showed that mutants which are not
able to accumulate anthocyanin had more endogenous H2O2 and O2− compared to WT,
not only under ROS stresses, but also under the control condition (Figure 2.16A; Figure
2.17A; Figure 2.18A; Figure 2.19A). In contrast, the pap1-D mutant, which overaccumulates anthocyanins, presented similar or less intensity of DAB and NBT stain
compared to WT (Figure 2.16A; Figure 2.17A; Figure 2.18A; Figure 2.19A). Quantification
of the H2O2 content by utilizing a hydrogen peroxide assay kit and the O2− content by
analyzing the staining intensity confirmed the staining results and provided a more
accurate evidence of ROS accumulation in those mutants. The results showed that the
O2− content of all the tt mutants used in this experiment and H2O2 content of most of them
are significantly higher than in WT under both growth conditions. Both H2O2 and O2−
content of the pap1-D mutant was similar and not significant different than that of WT
(Figure 2.16B; Figure 2.17B; Figure 2.18B; Figure 2.19B). These results provide further
evidence for explaining the sensitivity of these mutants to ROS stress.
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Figure 2.16 Hydrogen peroxide staining and quantification in representative
anthocyanin mutants treated with paraquat or 3-AT
(A) WT and anthocyanin mutants grown under control (top row), 0.1 μM paraquat
(middle row) and 15 μM 3-AT (bottom row) for 4 days were stained with DAB. Brown
color shows the presence of H2O2. (Bar=1mm)
(B) H2O2 content quantification for the plants in (A) (n>15). Data represents means ±
SD. The Student’s t-test analysis indicates significant level (compared with WT *
P<0.05, ** P<0.01). N.S. means not significant.
Experiments were repeated 3 times and similar results were obtained.
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Figure 2.17 Superoxide staining and quantification in representative anthocyanin
mutants treated with paraquat or 3-AT
(A) WT and anthocyanin mutants grown under control (top row), 0.1 μM paraquat
(middle row) or 15μM 3-AT (bottom row) for 4 days were stained with NBT. Blue
color shows the presence of superoxide radical. (Bar=1mm)
(B) NBT staining intensity of the plants in (C) representing the amount of superoxide
radical according to image analysis using ImageJ (n>15). Data represents means ±
SD. The Student’s t-test analysis indicates significant level (compared with WT *
P<0.05, ** P<0.01). N.S. means not significant.
Experiments were repeated 3 times and similar results were obtained.
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Figure 2.18 Hydrogen peroxide staining and quantification in other anthocyanin
mutants treated with paraquat and 3-AT
(A) WT and anthocyanin mutants grown under control (top row), 0.1 μM paraquat
(middle row) or 15 μM 3-AT (bottom row) for 4 days were stained with DAB. Brown
color shows the presence of H2O2. (Bar=1mm)
(B) H2O2 content quantification for the plants in (A) (n>15). Data represents means ± SD.
The Student’s t-test analysis indicates significant level (compared with WT * P<0.05,
** P<0.01). N.S. means not significant
Experiments were repeated 3 times and similar results were obtained.
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Figure 2.19 Hydrogen peroxide staining and quantification in other anthocyanin
mutants treated with paraquat and 3-AT
(A) WT and anthocyanin mutants grown under control (top row), 0.1 μM paraquat
(middle row) or 10 μM 3-AT (bottom row) for 4 days were stained with NBT. Blue
color shows the presence of superoxide radical. (Bar=1mm)
(B) NBT staining intensity of the plants in (C) representing the amount of superoxide
radical by image analysis using ImageJ (n>15). Data represents means ± SD. The
Student’s t-test analysis indicates significant level (compared with WT * P<0.05, **
P<0.01). N.S. means not significant
Experiments were repeated 3 times and similar results were obtained.
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2.3.4

Anthocyanin defective mutants are sensitive to high light stress

In order to evaluate the response of the tt mutants to stresses when grown in soil, high
light (HL) and cold stresses were applied. HL is a strong ROS generating stress in plants
and has the potential to damage the photosynthetic apparatus. The early response to HL
showed first in the tt5-2 and tt3 after 3 days of HL treatment (data not shown). After 5 days,
most of the tt mutants showed a significant senescence phenotype with leaves turning
yellow, whereas the pap1-D plants turned purple due to the dramatic increase in
anthocyanins (Figure 2.20A; Figure 2.21A; Figure S1A). tt8-6, an anthocyanin regulatory
gene mutant, which is defective in anthocyanin accumulation under control condition
(Figure 2.20A, D) showed significantly increased anthocyanins under HL (Figure 2.20A,
D; Figure S1A, D). The chlorophyll content of all genotypes decreased under HL stress to
different extents and most of the tt mutants presented more chlorophyll reduction than the
WT. Interestingly, tt8-6 and pap1-D with significantly increased level of anthocyanins under
HL had more chlorophyll and a lower rate of chlorophyll reduction when compared to WT
(Figure 2.20B, C; Figure 2.21B, C). In addition, the anthocyanin content of all genotypes
increased under HL stress, especially pap1-D, which had around 3-fold more than that
present in WT. However, the anthocyanin contents of the rest of the tt mutants, except of
that of tt8-6, were much lower than WT (Figure 2.20D; Figure 2.21D). When the HL stress
extended to 2 weeks, significant signs of senescence were observed in all genotypes,
even in the control plants (Figure S1A). Although the accumulation of anthocyanins in WT,
tt8-6 and pap1-D was able to mask the senescence phenotype, the chlorophyll content in
these genotypes was significantly decreased (Figure S1A, B). However, pigment analysis
showed a similar trend compared with those after 5 days of HL stress, including a lower
chlorophyll reduction rate in tt8-6 and pap1-D compared to WT (Figure S1). These results
indicate that tt mutants that are defective in anthocyanin accumulation are more sensitive
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to HL stress than WT. In addition, these observations also suggest that anthocyanins could
provide protection against senescence caused by ROS accumulation.
2.3.5

Anthocyanin defective mutants are sensitive to cold stress

In contrast to HL stress, cold stress does not trigger a quick response in terms of
senescence. After cold treatment for 5 days, no obvious sign of senescence was observed
on any genotype, although the growth of all plants was inhibited (Figure 2.20A; Figure
2.21A). However, the accumulation of anthocyanins was significantly increased, especially
in WT, tt8-6 and pap1-D (Figure 2.20A, D; Figure 2.21A, D). In addition, the chlorophyll
status showed a similar pattern to that under HL stress and although the chlorophyll
decrease was not as great for cold stress, there was a significantly reduction in most of
the genotypes. tt8-6 and pap1-D, which are able to accumulate similar or more
anthocyanin than WT, showed no reduction in chlorophyll content compared to WT (Figure
2.20B, C; Figure 2.21B, C). In a long cold stress treatment experiment (6 weeks), mutants
that accumulate anthocyanins had more chlorophyll while mutants that are defective in
anthocyanin accumulation were more vulnerable to cold (Figure S1A, E). It should be
noted that plants growing in control conditions had already finished their life cycle at this
point in time, whereas plants under cold treatment were still at the flowering stage due to
the substantial delay in growth and development (Figure S1A). Together, data from the HL
and cold treatments, provide further evidence that anthocyanin have a protective role in
plants response to stresses that stimulate ROS production.
2.3.6

Anthocyanin defective mutants are impaired in scavenging radicals under
stress conditions

The scavenging of ROS in anthocyanin mutants was tested to determine whether reduced
radical scavenging activity leads to increased sensitivity to ROS producing stress
conditions. DPPH is a radical which can be used as a monitor to evaluate the in vitro
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radical scavenging activity of the antioxidants present in a plant extract. Under control
conditions, DPPH scavenging activity was not significantly different between WT and
anthocyanin mutants, except in the case of pap1-D, which has more anthocyanins and in
turn has higher scavenging activity than WT (Figure 2.20E; Figure 2.21E). After 5 days of
HL or cold stress, anthocyanin defective mutants showed less DPPH scavenging activity
compared to that seen in WT. However, DPPH scavenging activity of pap1-D, was
significantly increased compared to WT. Under HL stress, DPPH scavenging activity of
tt8-6 and tt19-8 was not significantly decreased when compared to WT, which is likely due
to their ability to accumulate anthocyanin under stress (Figure 2.20E; Figure 2.21E).
Results from this assay confirmed the radical scavenging role of anthocyanins in
protecting plants against the over-accumulation of ROS during stress.
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Figure 2.20 tt mutants are sensitive to high-light and cold stress
(A) Phenotype of 4-weeks-old anthocyanin mutants under HL or 4℃ for 5 days.
(B) Chlorophyll content, (C) Chlorophyll reduction rate, (D) Anthocyanin content and (E)
DPPH radical scavenging activity of the mutants after 5 days HL or cold stresses.
Phenotypic experiments were repeated 3 times and similar results were obtained. Data
represents means ± SD. The Student’s t-test analysis indicates significant level (compared
with WT * P<0.05, ** P<0.01).
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Figure 2.21 Other tt mutants under high-light and cold stress
(A) Phenotype of 4-weeks-old anthocyanin mutants under HL or 4℃ for 5 days.
(B) Chlorophyll content, (C) Chlorophyll reduction rate, (D) Anthocyanin content and (E)
DPPH radical scavenging activity of the mutants after 5 days HL or cold stresses.
Phenotypic experiments were repeated 3 times and similar results were obtained. Data
represents means ± SD. The Student’s t-test analysis indicates significant level (compared
with WT * P<0.05, ** P<0.01).
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2.3.7

Expression of genes associated with chlorophyll maintenance and
photosynthetic capacity is reduced in anthocyanin defective mutants under
HL stress

tt3, tt5-2, ttg1-22 and pap1-D were selected as representative mutants to explore the
expression of chlorophyll and photosynthesis related genes in response to different levels
of anthocyanin accumulation during HL stress. Chlorophyll biosynthesis genes were highly
down-regulated under HL stress in all genotypes. PORB, the protochlorophyllide
oxidoreductase (POR) gene expressed throughout most development stages (Dong et al.,
2007) had lower expression in tt5-2 and ttg1-22 plants even under control condition. In
contrast, the expression of PORB and CHLOROPHYLL A OXIGENASE (CAO) was upregulated in pap1-D mutant (Figure 2.22A). The expression of NON-YELLOWING 1
(NYE1), a chlorophyll degradation gene, was up-regulated in both tt5-2 and ttg1-22
mutants but was not significantly changed in pap1-D. The expression of another
chlorophyll degradation gene, PHEOPHYTINASE 1 (PPH1), was not significantly changed
compared to WT under both conditions, although it was down-regulated under HL
compared to normal condition in each genotype (Figure 2.22B). Transcript levels of
LIGHT-HARVESTING CHLOROPHYLL A/B-PROTEIN 1.3 (LHCB1.3), one of the
photosystem genes, was significantly decreased in tt5-2, ttg1-22 and up-regulated in the
pap1-D mutant. RBCS1A and RBCS3B, two major Rubisco small subunit genes (Izumi et
al., 2012), showed a similar expression pattern with LHCB1.3 (Figure 2.22C). Under HL
condition, the expression of these chlorophyll and photosynthetic genes in the tt3 mutant
was not significantly changed compared with that in the WT Ler background, however,
under control condition, the expression of PORB and LHCB1.3 in the tt3 mutant was
significantly higher than that in WT (Figure 2.24A), indicating a significant down-regulation
of these two genes during the transition from control to HL condition compared to WT. This
result also correlates with our observation that the tt3 mutant has more chlorophyll content
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than WT under control condition (Figure 2.21B; Figure S1B). These results suggest that
anthocyanin accumulation is associated with chlorophyll maintenance and photosynthetic
capacity.
2.3.8

Expression of the ROS scavenging genes is similar in the mutant lines and
wild type

There was a decreased radical scavenging activity in the anthocyanin defective mutants
and an increase in the anthocyanin over-accumulating pap1-D mutant which accumulates
more anthocyanins. Thus, it was of interest to determine whether the expression of genes
encoding for ROS scavenging enzymes were down-regulated in the anthocyanin defective
mutants and up-regulated in the pap1-D mutant. To test this, the expression of CSD2,
MSD1 and FSD2 representing superoxide dismutase genes as well as sAPX and CAT3
representing genes for H2O2 scavenging enzymes were determined in control and HL
conditions. Although the expression of CSD2 was up-regulated in pap1-D under HL, other
genes did not show differences in expression between WT and the mutants (Figure 2.23;
Figure 2.24B). In fact, the differences that were observed were opposite to what one would
expect if these changes were to explain the level of ROS sensitivity. For example, CSD2
was up-regulated in tt5-2 under HL and CAT3 was up-regulated in ttg1-22 under HL
(Figure 2.23; Figure 2.24B). Our results indicate that the expression of antioxidant enzyme
genes does not correlate with the differences in radical scavenging activity in the
anthocyanin mutants tested. This suggests that the decreased radical scavenging activity
in anthocyanin defective mutants is instead a result of the levels of anthocyanins present.
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Figure 2.22 Expression analysis of chlorophyll and photosynthetic related genes in
representative mutants
Expression level of (A) chlorophyll biosynthetic genes; (B) chlorophyll degradation genes
and (C) photosynthetic related genes in tt5-2, ttg1-22 and pap1-D mutant under control or
5 days HL stress. Data represents means ± SD. Statistical analysis was performed using
one-way ANOVA (LSD P<0.01).
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Figure 2.23 Expression analysis of ROS scavenging genes in representative
mutants
Expression level of (A) superoxide scavenging genes and (B) H2O2 scavenging genes in
tt5-2, ttg1-22 and pap1-D mutant under control or 5 days HL stress.
Data represented means ± SD. Statistical analysis was performed using one-way ANOVA
(LSD P<0.01).
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Figure 2.24 Expression analysis of chlorophyll and photosynthetic related genes
and ROS scavenging genes in the tt3 mutant
Expression level of (A) chlorophyll and photosynthetic genes and (B) ROS scavenging
genes in tt3 after HL stress for 5 days.
Data represented means ± SD. Statistical analysis was performed using one-way ANOVA
(LSD P<0.01).
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2.3.9

GL3 but not EGL3 is necessary for anthocyanin accumulation under stress
conditions

As noted above, tt8-6 is able to accumulate anthocyanin and showed less chlorophyll
reduction and no reduction in the radical scavenging activity under stress conditions
compared to the other mutant lines (Figure 2.20C, D, E; Figure S1E). This is not surprising
due to the existence of the other two functionally redundant genes GL3 and EGL3. The
expression level of these two genes and that of TT3 in the tt8-6 mutant under stress
conditions were investigated. We found that under the control condition, expression of
GL3 and EGL3 was down-regulated or remained similar in the tt8-6 mutant compared to
WT, while the expression of TT3 was dramatically inhibited (Figure 2.25A, B), which is
consistent with the previous report that TT8 is required for the normal expression of TT3
(Nesi et al., 2000). Interestingly, under HL and cold stresses, TT3 was dramatically upregulated in both WT and the tt8-6 mutant and the expression of TT3 correlated well with
the expression of GL3 (Figure 2.25A, B). The expression of TT3 and GL3 were even higher
in the tt8-6 mutant than in the WT under HL condition (Figure 2.25A). However, expression
of EGL3 was not up-regulated but decreased in both WT and tt8-6 mutant under HL stress
(Figure 2.25A, B). These data suggest that GL3 but not EGL3 is able to compensate the
loss of function of TT8 and is necessary for anthocyanin accumulation under stress
conditions.
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Figure 2.25 GL3 but not EGL3 is necessary for anthocyanin accumulation in the tt86 mutant under stress conditions
Expression level of TT3, GL3 and EGL3 in tt8-6 mutant after (A) HL stress and (B) cold
stress for 5 days.
Data represented mean ± SD. Statistical analysis was performed using one-way ANOVA
(LSD P<0.01.
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2.4

Discussion

Food extracts with high levels of flavonoids including anthocyanins have been shown to
have increased levels of antioxidant activity and to potentially have positive human health
implications (Wuguo et al., 1997; Tsuda et al., 2003; Proestos et al., 2006; Wang and
Stoner, 2008). In tomato, a recent study confirmed that the antioxidant activity of different
flavonoids is mainly contributed by the -OH groups in their B-ring (Zhang et al., 2015). At
the same time, the production of anthocyanins in plants is induced by many environmental
factors that generate ROS (Rolland et al., 2006; Catala et al., 2011; Fei et al., 2014; Li et
al., 2014; Nakabayashi et al., 2014; Shi and Xie, 2014). Therefore, we were interested in
studying the relationship between the production of ROS and the induction of
anthocyanins and in turn the role that this antioxidant activity may have in ameliorating the
cellular damage of ROS. In this study, Arabidopsis mutants with varying anthocyanin levels
were utilized to demonstrate how ROS affects anthocyanin accumulation and how
production of anthocyanins in turn function as ROS scavengers to protect plants against
oxidative stress.
2.4.1

ROS are important source signals to trigger anthocyanin accumulation

The production of superoxide radical and hydrogen peroxide were shown here to be two
important signals in the production of anthocyanins (Figure 2.2 - Figure 2.6; Figure 2.26).
Young seedlings subjected to low doses of paraquat and 3-AT, which induce O2− and H2O2
respectively, showed a dramatic increase in anthocyanin production (Figure 2.2A; Figure
2.3A). ROS are byproducts of plant metabolism and they have been shown to serve as
important signalling molecules for many processes involved in plant growth, development
and stress responses (Mühlenbock et al., 2001; Gechev et al., 2006; Reczek and Chandel,
2015). Expression of the main transcription factors and biosynthetic genes involved in the
anthocyanin biosynthetic pathway was evaluated in WT plants subjected to short-term
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ROS stress. For the main regulatory genes encoding components of the MBW complex,
the expression of TT8, PAP1 and PAP2 increased after paraquat or 3-AT treatment, while
only the expression of TTG1 was unchanged (Figure 2.4; Figure 2.6A, C), suggesting that
TTG1 is not responsible for the early response to ROS. A similar result was reported in a
study of a catalase mutant subjected to a HL condition (Vanderauwera et al., 2005). With
regards expression of the anthocyanin biosynthetic genes, those later in the pathway
(LBGs) but not at the beginning of the pathway (EBGs) (Figure 2.1B) were significantly
up-regulated by paraquat and 3-AT treatment (Figure 2.4; Figure 2.6B, D), suggesting that
LBGs are the main effectors in the early response to ROS. In addition, the expression
levels of MYB transcription factors, which have been shown to be positive regulators of
anthocyanin biosynthesis (Guo et al., 2014), varied to different extents (Figure 2.6A, C).
MYB transcription factors PAP1, PAP2, MYB113 and MYB114 positively regulate
anthocyanin accumulation by activating the LBGs such as TT3 and TT18

(Mathews et

al., 2003; Gonzalez et al., 2008) (Figure 2.1A), whereas, MYB11, MYB12 and MYB111
regulate the EBGs TT4, TT5 and TT6

(Stracke et al., 2007) (Figure 2.1B). The

expression of the anthocyanin biosynthetic genes correlated well with the expression of
their corresponding regulatory genes (Figure 2.4; Figure 2.6). This suggests that the ROS
dependent signalling in anthocyanin accumulation (Figure 2.26) up-regulates the
expression of TT8, PAP1, PAP2, MYB113, and MYB114 and consequently induces the
expression of the LBG.
2.4.2

Anthocyanin content is correlated with ROS level, the sensitivity to stresses
and the antioxidant capacity in Arabidopsis

In order to understand the role of anthocyanins in the modulation of the in vivo ROS level,
various types of Arabidopsis anthocyanin mutants were analyzed. Anthocyanin deficient
mutants are more sensitive to ROS (Figure 2.7 - Figure 2.15) and ROS generating
stresses (Figure 2.20; Figure 2.21; Figure S1). The pap1-D mutant, having an excess of
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anthocyanins, showed less sensitivity to these stresses than wild-type. We devised a novel
assay that involved supplementing cyanidin (the common backbone of anthocyanins,
Figure 2.1B) into the growth medium containing ROS-generating chemicals to investigate
whether anthocyanin deficient mutants could absorb cyanidin and reduce their
susceptibility to ROS. The results clearly showed that the sensitivity of the tt mutants to
ROS was significantly reduced by supplementation with cyanidin chloride (Figure 2.7).
Because plants only experience ROS production (triggered by paraquat and 3-AT) inside
their tissues, the reduced sensitivity rate to these chemical agents indicate that plants
could absorb cyanidin chloride, which was able to neutralize endogenous ROS and reduce
the damage from paraquat and 3-AT treatments. Recently, it was reported that another
type of final products of the flavonoid pathway, proanthocyanidins (PAs), which specifically
accumulate in seed coat, could improve Arabidopsis seed germination under paraquat
treatment and that exogenous supplementation of PAs could recover the delayed seed
germination in PA-deficient mutants (Jia et al., 2012).
The sensitivity of the anthocyanin mutants to stresses was likely due to the in vivo
accumulation of ROS. Both staining and quantification methods confirmed that mutants
deficient in anthocyanin accumulation have higher levels of superoxide radical and
hydrogen peroxide in vivo than WT, whereas the pap1-D mutant did not show increased
ROS (Figure 2.16 - Figure 2.19). The pap1-D mutant has significantly higher radical
scavenging activity than WT during stress treatment as determined by the DPPH assay,
whereas the anthocyanin deficient mutants showed decreased radical scavenging activity
compared to WT (Figure 2.20; Figure 2.21). The radical scavenging activity of tt8-6 was
not significantly changed compared to WT, which given its ability to accumulate
anthocyanin under stress conditions is not surprising (Figure 2.20). This evidence
suggests that accumulation of anthocyanin prevents the in vivo buildup of ROS with the
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most likely explanation being that they function as antioxidants in vivo as they have been
shown to do in vitro. It has been reported that the pap1-D mutant have enhanced tolerance
to drought stress in Arabidopsis (Nakabayashi et al., 2014). Another study in tomato has
revealed that the enriched flavonoids in purple tomato could reduce the susceptibility to
mold infection and the H2O2 production after mold inoculation in purple tomato is
significantly reduced compared to that seen in red tomato, thus leading to the delayed
over-ripening and prolonged shelf-life (Zhang et al., 2013).
Antioxidant enzymes play critical roles in maintaining in vivo ROS homeostasis (Bowler et
al., 1992; Willekens et al., 1995; Willekens et al., 1997). However, we did not observe
expression differences of ROS scavenging enzymes genes between WT and the mutants
that correlate to the level of ROS sensitivity (Figure 2.23; Figure 2.24B). This suggests
that there is no correlation between anthocyanin accumulation and the expression of
antioxidant enzyme genes, thus providing more evidence for the contribution of
anthocyanin in terms of the sensitivity to stresses in the mutants tested.
2.4.3

Anthocyanin accumulation is associated with chlorophyll content and the
expression of chlorophyll and photosynthetic related genes

The photoprotective role of flavonoids had been hypothesized to be in screening the
excess radiation to protect chloroplasts from being destructed by excess light (Havaux
and Kloppstech, 2001). Under normal condition, anthocyanin content in mutants was
maintained at low level and is not likely to be a determinant to affect the homeostasis of
chlorophyll content (Figure 2.20B, D; Figure 2.21A, D). With regards stress conditions, in
a previous report, several tt mutants subjected to nitrogen limitation and moderate high
light (400 μmol · m-2 · s-1) conditions presented no correlation between chlorophyll and
anthocyanin content, and chlorophyll catabolism was not affected by anthocyanin
deficiency (Misyura et al., 2013). However, when excess of high light was applied (900
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μmol · m-2 · s-1) in our study, under which the response of plants was more drastic than
with a life-long moderate HL stress, it was found the anthocyanin content was somewhat
associated with the chlorophyll content under stress conditions. After HL or cold treatment,
chlorophyll decreased in all genotypes, though mutants with less anthocyanin were likely
to lose more chlorophyll and pap1-D had much more chlorophyll probably due to the overaccumulation of anthocyanin (Figure 2.20B, C, D; Figure 2.21A, C, D). Similar results were
also observed for long-term treatments (Figure S1). The decreased and increased
expression of chlorophyll biosynthetic and degradation genes, respectively, as well as the
decreased expression of photosynthetic genes in the representative anthocyanin
defective mutants provided more evidence for the correlation of chlorophyll with
anthocyanin content (Figure 2.22; Figure 2.24A). Thus, over-accumulation of anthocyanin
under stress conditions is correlated with the chlorophyll status and delay the loss of
chlorophyll by, probably more indirectly, maintaining the photosynthetic apparatus capacity
under stress conditions.
Although anthocyanin content in tt8-6 is lower than WT under control conditions, this
mutant is able to accumulate anthocyanins at levels comparable to WT under stresses
(Figure 2.20D). Relevantly, the chlorophyll content in tt8-6 was even higher than WT under
HL (Figure 2.20A, D; Figure S1A, E). Such accumulation of anthocyanin was possibly due
to the existence of GL3 and EGL3, two homologues of TT8 that are also able to form a
functional MBW complex with PAP1 and TTG1 (Xu et al., 2015). GL3 and EGL3 have
been reported to be involved in trichome development and anthocyanin accumulation
(Payne et al., 2000; Zhang et al., 2003), and GL3 but not EGL3 is responsible for
anthocyanin accumulation under nitrogen limitation conditions (Feyissa et al., 2009). Here,
in WT, only TT8 was upregulated shortly after ROS stress (Figure 2.4). However, GL3 but
not EGL3 was upregulated in tt8-6 mutant only under stress but not normal conditions
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(Figure 2.25). This suggests that the complementation of the loss of function of TT8 is
compensated by GL3 only under stress conditions.
In conclusion, this study provided convincing evidence of ROS being an important signal
in regulating the anthocyanin pathway, and anthocyanins being effective antioxidants with
the functions in modulating the in vivo ROS level and in protecting the plants against stress.
The sensitivity of the seedlings in anthocyanin mutants to paraquat and 3-AT and the
recovery of the sensitivity in those mutants with the supplementation of cyanidin chloride
suggests the role of anthocyanins in buffering the in vivo ROS homeostasis to relieve the
damage by ROS. Moreover, the physiological and molecular response to stresses in the
mature plants of those mutants were also examined when grown in soil. The accumulation
of anthocyanin was discovered to be associated with the chlorophyll content, the
expression of chlorophyll and photosynthetic related genes and the radical scavenging
activity of plants. With the observed fact that the expression of the antioxidant genes was
not correlate with the radical scavenging activity of different mutants, the role of
anthocyanin as antioxidant in vivo was further confirmed. And hopefully, the knowledge
included here could help in the understanding of the application of anthocyanin in crop
and food research.
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Figure 2.26 Regulatory model for ROS signalling and anthocyanin production
ROS independent (green arrows) and ROS dependent (orange arrows) signalling are
involved in anthocyanin accumulation. Environmental and developmental stimuli including
chemicals, hormones and stresses are able to cause ROS over-accumulation. Thus the
signalling pathway triggered by these factors could separate into ROS dependent and
ROS independent signalling. Both could initiate growth inhibition and cell death in plants.
Meanwhile, both signalling pathway could turn on the MBW complex and lead anthocyanin
accumulation, which in turn could provide protection against the damages caused by ROS.
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2.5
2.5.1

MATERIALS AND METHODS
Plant materials

T-DNA insertion lines of anthocyanin regulatory and biosynthetic genes were retrieved
from (Bowerman et al., 2012; Appelhagen et al., 2014) and obtained from both Arabidopsis
Biology Resource Center (ABRC) and European Arabidopsis Stock Centre (NASC).
Transparent testa (tt) mutants used in this study were tt3 (in Ler background), tt4-11, tt52, tt6-3, tt7-5, tt8-6, tt18, tt19-8 and ttg1-22. As an anthocyanin over-accumulator, pap1D, a T-DNA activation line was used (Borevitz et al., 2000). Ler wild-type (WT) background
was used to compare with tt3, otherwise Col-0 was used as control. Homozygous lines
were identified and obtained after two generations selection by anthocyanin deficiency
phenotype in adult plants and by a transparent testa phenotype in the seeds.
2.5.2

Plant treatment and growth conditions

In order to evaluate ROS-induced accumulation of anthocyanins, five-day old WT (Col-0)
seedlings were transferred to ½ MS with 0.5 μM and 1 μM paraquat (grown under 24h
light) and 15 μM and 30 μM 3-amino-1,2,4-triazole (3-AT) (grown under 16h light / 8h dark
condition) for another 5 days. For anthocyanin gene expression analysis in WT, 7-day old
WT (Col-0) seedlings were transferred to ½ MS with 1 μM paraquat or 30 μM 3-AT under
24h light condition for 48h.
For paraquat and 3-AT treatments, seeds were planted on ½ MS medium containing 0 μM,
0.1 μM, 0.2 μM and 0.5 μM paraquat as well as 0 μM, 7.5 μM, 10 μM and 15 μM 3-AT.
Medium plates were incubated in 4℃ for 2 days and were then transferred into 22℃ tissue
culture room with 24hrs light (80-90 μmol · m-2 · s-1) for 5, 10 and 21 days.
For cyanidin chloride experiment, mutants and WT seeds were planted on ½ MS medium
containing 0.25 μM paraquat and 0.25 μM paraquat plus 400 μM cyanidin chloride or 15
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μM 3-AT and 15 μM 3-AT plus 400 μM cyanidin chloride. Medium plates were incubated
in 4℃ for 2 days and then transferred to a 22℃ tissue culture room with 24h light (80-90
μmol · m-2 · s-1) for 4 and 7 days for paraquat and 3-AT treatment, respectively.
For ROS generating stresses, WT and mutants were planted in Sunshine LA4 soil mix
(Sun Gro Horticulture Ltd, Canada) and grown in growth chambers (22℃ day/18℃ night,
16h light / 8h dark, 150 μmol · m-2 · s-1 light density, 60% humidity). High-light (900
μmol · m-2 · s-1) and cold (4℃) stresses were applied on the 21st day.
2.5.3

Chlorophyll and anthocyanin content quantification

Chlorophyll content was determined as described in (Arnon, 1949; Porra et al., 1989). In
brief, samples were weighted, ground and incubated in the dark at 4℃ with 80% acetone.
After centrifugation, the supernatant was collected and subjected to spectrophotometry to
measure the absorbance at 645 nm and 663 nm. Total chlorophyll content was calculated
using the formula: 8.05*A663+20.29*A645. This yields mg chlorophyll · L-1 extract and then
the chlorophyll content is expressed in mg · g-1 fresh weight.
Anthocyanin content was determined as described in (Jeong et al., 2010). Briefly, samples
were weighted, ground and incubated in the dark at 4℃ with 1% HCl acidified methanol.
Then the pellet and debris were removed and the same volume of H2O and chloroform
was added. After centrifugation, the supernatant was collected and subjected to
spectrophotometry to measure the absorbance at 657 nm and 530 nm using acidified
methanol as a blank. Then A657 is subtracted from A530. This yields mg anthocyanin · ml-1
extract. Then anthocyanin content is expressed in mg · g-1 fresh weight.
2.5.4

Histological staining detection of ROS

The detection of Hydrogen peroxide (H2O2) and superoxide radical (O2-) was performed
as previously described with a little modification (Wang et al., 2015). Briefly, whole
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seedlings were harvested and transferred into DAB staining solution (for H2O2 detection)
containing 1 mg/ml 3,3′-diaminobenzidine (DAB), 10 mM Na2HPO4 and 0.05% Tween 20
or NBT staining solution (for O2- detection) containing 1 mg/ml nitroblue tetrazolium
chloride (NBT) and 10 mM NaN3 in 10 mM potassium phosphate buffer. The seedlings
were infiltrated and incubated for 6h in the dark with gentle shaking. Then, the staining
solution was replaced with bleaching solution (ethanol: acetic acid: glycerol = 3:1:1) and
incubated at 85℃ for 20 min to completely remove chlorophyll. In the end, the seedlings
were kept in preservative solution (ethanol: glycerol = 4:1) until the images were taken.
2.5.5

H2O2 content quantification

Plant extract preparation was performed according to (Cha et al., 2015). Plant tissues
were harvested and ground in liquid nitrogen. Tissue powder of different samples were
weighted and soaked in 1 ml 20 mM potassium buffer (pH 7.4) on ice. After centrifugation
at 13,000 g for 15 min at 4℃, the supernatant was transferred to another tube and 20 mM
potassium buffer was added up to 1.5 ml. H2O2 concentration was measured using Amplex
Red hydrogen peroxide/peroxidase assay kit (Molecular Probe) by plotting a H2O2
standard curve according to the manufacturer’s instructions. 25 μl plant extract was used
in each reaction. The H2O2 content in the original extract was calculated and expressed in
μM · mg-1 fresh weight.
2.5.6

Image analysis of O2- staining intensity

O2- accumulation was quantified by measuring the staining intensity of each seedling. After
staining, more than 15 seedlings were viewed and images were taken under the same
scope for each genotype. Images were processed and analyzed using ImageJ software
(http://imagej.nih.gov/ij/). Briefly, original images were transformed into 8-bit image and
the black and white were inverted. Then cotyledons as well as the joint part of cotyledons
were selected for each seedling and “Mean Grey Value” was measured. In addition,
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several background areas (more than 5) around each seedling were selected to correct
the staining intensity. Then the average of each background was subtracted from the
intensity, resulting in the corrected intensity for each seedling. Finally, the average intensity
as well as the standard deviation of the seedling for each genotype was calculated and
considered as the Relative Staining Intensity Per Area (RSIPA).
2.5.7

Radical scavenging activity determination

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical (Sigma-Aldrich, USA) was used to evaluate
the radical scavenging activity of the tt mutants under stress conditions. The assay was
performed according to (Mensor et al., 2001) with modification. Briefly, 100 mg plant tissue
powder was incubated in 1 ml 100% Ethanol at 4℃ for 30 min. After centrifugation for 15
mins, the supernatant was collected and 50 μl was diluted with 450 μl 100% Ethanol and
then mixed with 500 μl 100 mM sodium acetate buffer (pH 5.5) and 250 μl 0.5 mM DPPH
(prepared in 100% Ethanol). The reaction was incubated at room temperature in the dark
for 30 min and the absorbance was measured at 517 nm. The final radical scavenging
activity was calculated using the formula: [(A0-A1)/A0]*100%, where A0 is the absorbance
of DPPH without the plant sample extract, and A1 is the absorbance after reaction of DPPH
with plant sample extract.
2.5.8

Gene expression analysis by Real-Time PCR

Total RNA from 3 biological replicates for each sample was isolated using Trizol Reagent
(Life Technologies) according to the user manual. RNA was treated by DNase I (Promega)
and then 1 μg of DNA-free total RNA was used for cDNA synthesis with qScript™ cDNA
SuperMix (Quanta Biosciences) according to the manufacturer’s instructions. cDNA was
diluted by 10 times after the reverse transcription reaction and 1 μl was used in real-time
PCR reaction. Primers (Table S1) were designed using Primer Express 3.0 (Applied
Biosystems) and real-time PCR was performed using PerfeCta SYBR Green FastMix
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(Quanta Biosciences) with ABI 7300 real-time PCR System (Applied Biosystems). PCR
reaction was performed in triplicate for each biological replication. Expression levels were
normalized against the expression of endogenous control gene and calculated using 2 ΔΔCt

method (Livak and Schmittgen, 2001). For the expression analysis of WT under

paraquat and 3-AT treatments, Arabidopsis UBC21 was used as internal control. For high
light and cold stress on the tt mutants, CYCLOPHILIN 5 (CYP5), the expression of which
is unchanged in high light exposed leaves, was used as the internal control according to
(Galvez-Valdivieso et al., 2009). In addition, the expression level of CYP5 was also
unchanged under cold stress in our observation. All the expression data was presented
as fold change value and was transformed into a log2 value for statistical analysis.
2.5.9

Statistical analysis

Student’s t-test and one-way ANOVA analysis was performed using SPSS software (IBM)
and LSD method was used for multiple comparison.
2.5.10 Accession numbers
TT3 (At5g42800), tt3 (CS84); TT4 (At5g13930), tt4-11 (SALK_020583); TT5 (At3g55120),
tt5-2 (CS300857); TT6 (At3g51240), tt6-3 (SALK_113904); TT7 (At5g07990), tt7-5
(SALK_053394); TT8 (At4g09820), tt8-6 (GK-241D05); TT18 (At4g22880), tt18
(SALK_028793); TT19 (At5g17220), tt19-8 (SALK_105779); TTG1 (At5g24520), ttg1-22
(GK-286A06); PAP1 (At1g56650), pap1-D (CS3884).
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3. Chapter 3: Functional Analysis of Arabidopsis and Rice GNC

and CGA1 GATA Transcription Factors Reveals Their Multiple
Roles in Plant Growth and Development

3.1

Abstract

GATA transcription factors are involved in multiple processes in plant growth and
development. Two GATA factors, NITRATE-INDUCIBLE, CARBON METABOLISMINVOLVED (GNC) and CYTOKININ-RESPONSIVE GATA FACTOR 1 (CGA1 also named
GNL) were reported as important regulators in nitrogen metabolism, flowering, stress
response, senescence and hormone signalling. However, their direct target genes in
regulating various processes are barely characterized. Here, through chromatin
immunoprecipitation sequencing, 648 and 1475 genes associated with CGA1 and GNC
binding sites, respectively, were identified. Function and pathway enrichment analysis
revealed that these putative targets were involved in multiple processes. Moreover, the
target genes, through which GNC and CGA1 regulate early senescence, seed formation
and chlorophyll content were proposed for further study. In addition, the function of the
orthologous rice OsGNC (LOC_Os06g37450) was phenotypically characterized by
analyzing OsGNC transgenic lines. The modulation of chlorophyll content in these lines
as well as changes in flowering time demonstrates its conserved functions when
compared to Arabidopsis.
3.2

Introduction

GATA transcription factors are present across eukaryotic species and are characterized
by the distinctive and conserved type-IV zinc finger DNA binding domain, CX2CX17–20CX2C,
which specifically recognizes the consensus DNA sequence WGATAR (W=T or A; R=G or
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A) (Lowry and Atchley, 2000). A recent study revealed that, in a slight variance from what
is seen in animals, plant GATA transcription factors preferentially recognize and bind
GATC rather than the GATA motif and the two base pairs in the middle (AT) are more
conserved than the flanking sequence (Weirauch et al., 2014). In animals, the GATA zinc
finger domain is usually in the form of 17-residue loops (CX2CX17CX2C) (Patient and
McGhee, 2002), while the zinc finger domain of fungal GATA factors mainly contain 17- or
18-residue loops (Teakle and Gilmartin, 1998).
Most of the GATA factors in plants contain one zinc finger domain in the form of
CX2CX18CX2C. However, GATA factors with more than 18-residue loops or two zinc finger
domains are also reported (Reyes et al., 2004; Shikata et al., 2004). The existence of
GATA transcription factors in plants was explicated by revealing the GATA motifs in the
promoter of light and circadian responsive genes (Arguello-Astorga and Herrera-Estrella,
1998), suggesting the possible function of GATA factors in light regulation. It was also
reported that, in fungi and in yeast, GATA factors play an important role in regulating
nitrogen metabolism (Jarai et al., 1992; Hofman-Bang, 1999; Tao and Marzluf, 1999). A
novel function of a GATA factor in yeast is its involvement in Zn uptake (Milner et al., 2014).
In plants, several GATA factors were reported to function in various processes. The
tobacco GATA factor AGP1 is involved in the defense against wounding or elicitor through
binding the AG-motif (AGATCCAA) of wound-inducible Myb gene NtMyb2 (Sugimoto et
al., 2003). The Arabidopsis HANABA TARANU (HAN) encodes a GATA transcription factor
regulating shoot apical meristem and flower development (Zhao et al., 2004). Blue
Micropylar End 3 (BME3) is a positive GATA regulator in seed germination (Liu et al., 2005).
The light-responsive expression of Arabidopsis GATA genes has been systematically
studied and this revealed that most of the Arabidopsis GATA factors are light responsive
(Manfield et al., 2007). Light functions antagonistically with brassinosteroid (BR) to
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regulate the transition between skotomorphogenesis and photomorphogenesis.
Arabidopsis GATA2 was reported to be an integrator of light and BR signalling pathways
in regulating seedling photomorphogenesis (Luo et al., 2010). NECK LEAF 1 (NL1), a rice
GATA factor, functions in modulating organogenesis (Wang et al., 2009).
The most studied GATA factors are two homologues named NITRATE-INDUCIBLE,
CARBON METABOLISM-INVOLVED (GNC) and CYTOKININ-RESPONSIVE GATA
FACTOR 1 (CGA1 also named GNL, short for GNC-LIKE). The GNC gene was first
identified in Arabidopsis by screening the response of a set of mutants in the GATA family
of genes under nitrogen limitation conditions, and the gnc mutant accumulates less
chlorophyll than WT under both nitrogen sufficient and limitation conditions (Bi et al., 2005).
Nitrogen induces the expression of GNC, which is involved in nitrogen and carbon
metabolism possibly by regulating the expression of Glutamate Synthase (GLU1/FdGOGAT) (Bi et al., 2005; Hudson et al., 2011). CGA1 was characterized in Arabidopsis as
its rapid induction by cytokinin as well as light. The expression of CGA1 was dramatically
reduced in the mutant of the red light receptor phyA/B (Naito et al., 2007). The significantly
reduced expression of CGA1 in mutants of the cytokinin receptor ahk2/3 indicated its
involvement in the cytokinin signalling pathway (Naito et al., 2007). GNC and CGA1
showed similar expression patterns and the mutants showed a similar phenotype with
additive phenotypes seen in the gnc cga1 double mutant (Manfield et al., 2007; Mara and
Irish, 2008). These two GATA factors were reported to be involved in multiple processes
and signalling pathways in Arabidopsis. For example, they function downstream of the
floral homeotic genes to control floral organogenesis (Mara and Irish, 2008). They are also
effectors downstream of HAN in regulating floral organ specification (Zhang et al., 2013).
The most prominent functions of GNC and CGA1 are revealed by the phenotypes of the
gnc cga1 double mutants with reduced chlorophyll, early flowering and early senescence
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(Bi et al., 2005; Richter et al., 2010; Chiang et al., 2012). Natural senescence occurs along
with aging, during which programmed cell death (PCD) and nutrient remobilization take
place starting from the older leaves. Diverse factors and processes involved in the
signalling and response of senescence are all convergent on chloroplast destruction and
chlorophyll break-down (Carter and Knapp, 2001). Chlorophyll loss under adverse
environmental conditions as a strategy for plants to adapt to stress conditions allows for
the recycling of nutrients from senescing tissues to support that which survives or for
finishing reproduction (Schelbert et al., 2009). It was found that over-expression of GNC
or CGA1 in Arabidopsis results in ectopic accumulation of chloroplasts even in epidermis
and roots, where the chloroplasts are usually not found. In addition, the development of
chloroplasts is enhanced in GNC or CGA1 over-expression lines even in the dark and thus
is the opposite phenotype as the lower number of chloroplasts seen in the gnc cga1 double
mutants (Chiang et al., 2012). A similar chlorophyll and chloroplast phenotype is also
observed in the rice OsCGA1 transgenic lines and it was also shown that OsCGA1 plays
a role in modulating rice architecture (Hudson et al., 2013). As noted earlier, the GNC and
CGA1 transcript levels respond to nitrogen limitation in rice and Arabidopsis (Bi et al.,
2005; Hudson et al., 2013) and the GATA motif is present in the promoter of many nitrogen
responsive genes such as the nitrogen transporter 1.1 (NRT1.1), nitrite reductase (NiR)
and glutamine synthetase 1-4 (GS1-4) (Bi et al., 2007). In addition, the expression of GNC
and CGA1 under an ideal nitrogen (N) condition are significantly higher than that under
low nitrogen conditions in rice leaves, and their expression is reduced when plants are
transferred from ideal N to low N (Coneva et al., 2014). These results implicate GNC and
CGA1 in responding to nitrogen stress conditions. Recently, the Arabidopsis SOC1 was
identified to be involved in a cross-repression mechanism with GNC and CGA1, in which
GNC and CGA1 act upstream of SOC1 in flowering time as well as in greening. In turn,
GNC and CGA1 are also target genes of SOC1 in the cold response (Richter et al., 2013).
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However, the target genes through which GNC and CGA1 regulate natural senescence
still needs to be characterized.
Recent studies on GNC and CGA1 have revealed their integration in plant hormone
signalling pathways involving gibberellic acid (GA), abscisic acid (ABA) and auxin in
Arabidopsis (Richter et al., 2010; Richter et al., 2013). In Arabidopsis, over-expression of
GNC or CGA1 resembles the phenotype of the GA signalling mutant, ga1, and a mutation
in GNC and CGA1 is able to suppress the ga1 phenotype (Richter et al., 2010). GNC and
CGA1 were shown to function in the GA signalling pathway downstream from the DELLA
protein and PIF transcription factors (Richter et al., 2010). In addition, an auxin response
factor mutant, arf2, resembles the phenotype of GNC or CGA1 over-expressors and the
gnc cga1 double mutant could suppress the arf2 phenotype (Richter et al., 2013). This
indicates the integration of GNC and CGA1 in the auxin signalling pathway. Furthermore,
constitutive activation of GA signalling is able to suppresses the arf2 phenotype by
repressing GNC and CGA1, which are downstream targets of ARF2. All these strongly
indicated the convergent regulation of auxin and GA signalling on GNC and CGA1 (Richter
et al., 2013)
All these studies revealed that the GATA transcription factors GNC and CGA1 are involved
in multiple processes and signalling pathways in plant growth and development including
stress response. However, the downstream target genes of these two GATA factors are
barely characterized. Here, we identified the possible target genes of GNC and CGA1 in
Arabidopsis using the ChIP-Sequencing (ChIP-Seq), to further understand the multiple
functions of GNC and CGA1 in the transcriptional regulation of plant growth and
development. In addition, we also analyzed the phenotype of rice OsGNC over-expression
and RNAi lines and revealed similar phenotype with Arabidopsis GNC or CGA1 transgenic
lines in terms of the variations in chlorophyll, flowering time and senescence, which were
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also similarly observed in the OsCGA1 transgenic lines (Hudson et al., 2013). This
suggests the function of GATA transcription factors GNC and CGA1 may be conserved
across plant species.
3.3
3.3.1

Results
Determination of AtGNC and AtCGA1 binding sites by ChIP-Seq

To further understand the regulatory mechanism of AtGNC and AtCGA1 in achieving
multiple functions, we performed ChIP-Seq analysis to identify the possible in vivo target
genes of these two transcription factors. ChIP-DNA as well as INPUT DNA from whole
rosette leaves of myc-AtGNC and myc-AtCGA1 transgenic lines with two biological
replicates were used in this assay (Figure S2A, C). Model based analysis of ChIP-Seq
was used to identify the enriched GNC or CGA1 binding sites (Figure S3). The binding
sites were annotated against the Arabidopsis genome annotation and we found the
distribution of the binding sites along the genome is highly enriched in the first 1Kb of the
promoter region (Figure 3.1A) which account for around 30% of all peaks for both genes.
The binding profiles also showed similar distribution on the genome between these two
transcription factors (Figure 3.1A, B). Further analysis of the binding site around the
transcription start site (TSS) revealed that the binding sites are mainly enriched in the first
200bp upstream of the TSS in the promoter region (Figure 3.1B). According to the criteria
of the peak annotation program, genes that had binding sites within -1Kb to +100bp (1Kb
promotor to 100bp after TSS) region were considered as GNA or CGA1 binding associated
genes and selected for further analysis. For both transcription factors, the representative
binding peaks located in the promoter region of target genes with different fold enrichment
(FE) against INPUT are shown in Figure 3.2. The binding profiles were consistent with the
fact that GNC and CGA1 function as transcription factors.
Within the binding profiles of the two replicates for each transcription factor, a high
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percentage of overlapping peaks (around 80%) was found (Figure 3.3). This indicated that
the quality of the data generated from the biological replicates are representative. However,
an extremely unexpected low percentage of overlap between GNC and CGA1 binding
associated genes was discovered (Figure 3.3, Table S2). Finally, 9 randomly picked peaks
existing in both GNC and CGA1 ChIP-Seq profiles were validated using chromatin
immunoprecipitation quantitative PCR (ChIP-qPCR) (Figure 3.4) and this confirmed the
quality of the ChIP-Seq data.
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Figure 3.1 AtCGA1 and AtGNC binding sites in Arabidopsis genome
(A) Distribution of AtCGA1 and AtGNC binding peaks across the Arabidopsis genome.
(B) Distribution of AtCGA1 and AtGNC peaks within ±1500bp around the transcription
start site (TSS). Peaks are highly enriched in the first 200bp upstream of TSS (the
highest bar).
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Figure 3.2 Examples of AtCGA1 and AtGNC binding peaks
Representative AtCGA1 and AtGNC binding peaks present in the gene promoter region
with high, moderate or low fold enrichment (FE).
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Figure 3.3

Overlapped genes associated with CGA1 or GNC binding site

(A) and (B) Overlapped genes associated with CGA1 and GNC1 binding sites,
respectively, between two biological replications.
(C) Overlapped genes between CGA1 and GNC associated binding sites
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.

Figure 3.4 ChIP-qPCR verification of ChIP-Seq results
9 randomly picked genes in CGA1 and GNC overlapped binding sites were verified by
ChIP-qPCR using anti-myc or anti-IgG antibody
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3.3.2

CGA1 and GNC binding associated genes are involved in various aspects of
plant growth and development

To understand the involvement of CGA1 and GNC in Arabidopsis growth and development,
functional analysis for the CGA1 and GNC binding associated genes was performed.
Gene ontology (GO) revealed that CGA1 and GNC regulate multiple processes in plant
growth and development (Figure 3.5). GO terms enriched in CGA1 or GNC exhibited
common and specific functions. For example, the nitrogen compound metabolic process
(GO:0006807) is only enriched in GNC but not in CGA1 (Figure 3.5), indicating GNC is
probably more specific than CGA1 in nitrogen metabolism, which is consistent with its
known function (Bi et al., 2005). Metabolic pathway analysis by using MapMan revealed
that GNC and CGA1 are involved in multiple metabolic pathways (Figure 3.6). However,
GNC binding associated genes were generally more enriched in different pathways than
that of CGA1, probably due to more GNC binding associated genes being detected than
CGA1 binding associated genes (Figure 3.3; Figure 3.6). It was noticed that genes
enriched in the cell wall pathway were highly presented in GNC binding associated genes
compared to that in CGA1 binding associated genes (Figure 3.6), suggesting GNC may
function more specifically in cell wall related metabolism.
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Figure 3.5
genes

Gene ontology (GO) enrichment for CGA1 or GNC binding associated
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(Continued)
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Figure 3.6

Pathway enrichment for CGA1 (A) or GNC (B) binding associated genes
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3.3.3

Expression analysis of putative target genes in controlling sugar transport,
cytokinin signalling and chlorophyll content

It was reported that overexpression of Arabidopsis GNC resulted in insensitivity to glucose,
indicating there is a role of GNC in sugar transport (Bi et al., 2005). Expression of several
putative target genes involved in sugar transport and chlorophyll or chloroplast-related
genes were selected from the ChIP-Seq gene list and the expression of these was tested
in the gnc cga1 double mutant. Most of the chlorophyll related genes were down-regulated
except TIC20-IV (Figure 3.8). This indicated the positive regulation by GNC and CGA1 in
chlorophyll related processes. In some cases, it was shown that GNC and CGA1 act as
transcriptional repressors (Richter et al., 2013) thus suggesting that these two
transcription factors may function differently in different processes. The expression
analysis of sugar transport genes supported the role of these two factors as transcriptional
repressors. The expression level of SUGAR TRANSPORTER 9 (STP9) is dramatically
increased by 15-fold in the gnc cga1 double mutant (Figure 3.7), suggesting that STP9
could be a direct target of GNC or CGA1 in the regulation of sugar transport. Another sugar
transporter gene, STP8, whose expression was undetectable in wild type was also upregulated in the gnc cga1 double mutant (detectable in gnc cga1 mutant). In addition, the
CYTOKININ RESPONSE FACTOR 2 (CRF2) was detected in both the GNC and CGA1
ChIP-Seq profile (Table S2). The expression of CRF2 was significantly up-regulated in the
gnc cga1 double mutant (Figure 3.7), indicating the involvement of these two factors in the
cytokinin signalling pathway. Recently, cytokinin response factors (CRFs), as key
regulators in cytokinin signalling, were reported to positively regulate the senescence
process (Raines et al., 2016). This suggests GNC and CGA1 may regulate early
senescence through the CRF effectors.
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Figure 3.7
mutant

STP9 and CRF2 are significantly up-regulated in gnc cga1 double

Figure 3.8
mutant

Expression analysis of chloroplast related genes in gnc cga1 double
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3.3.4

Expression analysis of the rice OsGNC gene

The function of the rice OsGNC gene was also investigated by generating oxer-expression
(OX) and RNA-interference (RNAi) lines. Firstly, the expression pattern of OsGNC in WT
plants was examined. OsGNC was found to be highly expressed in the leaf blade as well
as in panicles, with some expression also detected in the leaf sheath and in the stem. No
expression was detected in roots (Figure 3.9A). This indicates that the expression of
OsGNC mainly presents in green tissues, which is consistent with the previous report of
the expression of Arabidopsis AtGNC and rice OsCGA1 (Bi et al., 2005; Hudson et al.,
2013). It was reported that AtGNC expression follows a diurnal pattern (Manfield et al.,
2007). Thus, the diurnal expression of OsGNC was also examined, revealing a similar
expression pattern with AtGNC. Generally, the expression of OsGNC is up-regulated by
light and was repressed in the dark (Figure 3.9B).
Transgenic lines of OsGNC were generated to overexpress or repress the endogenous
OsGNC. Two over-expression lines and two RNAi lines were selected for further study.
Expression of OsGNC was increased by about 8-fold in the OX lines and decreased by
half in the RNAi lines (Figure 3.9C). The phenotype of OsGNC 30-days-old and 90-daysold transgenic lines are shown in Figure 3.9D. Generally, the plant height of both OX and
RNAi lines is lower than WT and the OX lines are even shorter than the RNAi lines. RNAi
lines generated more tillers whereas OX lines had less tillers than WT and the flowering
time and panicle size in OX lines is significantly inhibited when compared to WT (Figure
3.9D). These data indicate that OsGNC may function in multiple processes.
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Figure 3.9 Expression of OsGNC and phenotype of OsGNC transgenic lines
(A) Relative expression level of OsGNC in different tissues of wild-type rice.
(B) Diurnal expression of OsGNC in wild-type rice.
(C) Expression levels of OsGNC in overexpression and RNAi transgenic lines.
(D) Phenotype of 30 and 90-days-old OsGNC transgenic lines.
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3.3.5

Alteration of rice OsGNC expression affects chlorophyll content

It was reported that Arabidopsis GNC and CGA1 and rice CGA1 regulate chloroplast
development and chlorophyll content (Bi et al., 2005; Chiang et al., 2012; Hudson et al.,
2013). A similar phenotype was also observed in the OsGNC transgenic lines.
Overexpressing OsGNC results in significant chlorophyll accumulation and OsGNC RNAi
lines showed decreased chlorophyll content (Figure 3.10). This indicated that the function
of GNC and CGA1 in terms of chlorophyll content is conserved in plants.
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Figure 3.10 Phenotype (A) and quantification (B) of chlorophyll content in OsGNC
transgenic lines
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3.3.6

OsGNC plays a role in the architecture of the rice plants

We noticed that the architecture of OsGNC transgenic plants, especially in the OX lines
was significantly changed compared to WT. Both OX and RNAi lines showed decreased
plant height (Figure 3.11A) and prolonged heading date (Figure 3.11C). The length of the
internodes of OsGNC transgenic lines as well as WT was examined and it was found that
each internode was shortened in the transgenic lines that leads to the decreased plant
height (Figure 3.12). Overexpression lines showed repressed growth and generated less
tillers than WT, whereas, RNAi lines developed more tillers compared to WT (Figure 3.11B).
The leaf size of OX lines was significantly reduced in both leaf length and width and it was
not significantly changed in RNAi lines when compared to that of WT (Figure 3.11D).
These data indicate that OsGNC functions in modulating architecture in rice.

103

Figure 3.11 phenotype in plant height (A), tiller number (B), heading data (C) and
leaf size (D) of OsGNC transgenic lines
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Figure 3.12 Internodes length of OsGNC transgenic lines
(A) Phenotype of relative length of internodes of OsGNC transgenic lines compared with
WT.
(B) Quantification of the length of each internode.
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3.3.7

OsGNC over-expression lines are impaired in seed germination

The seed germination of OsGNC transgenic lines were also examined and it was found
that the OX lines were impaired in seed germination, whereas seed germination in RNAi
lines was similar to WT. Nearly half of the over-expressors seeds failed to germinate and
the germination is significantly delayed in those which were able to germinate (Figure
3.13A, C). Another prominent phenotype in overexpression lines is the prolonged
coleoptile after germination and the emergence the of cotyledon was also significantly
prolonged. In contrast, in the WT and RNAi lines, the cotyledon broke through the
coleoptile and the coleoptile stopped growing shortly after germination (Figure 3.13B).
3.3.8

Panicle architecture is altered in the OsGNC transgenic lines

It was also noticed that the panicle size in the OsGNC OX lines was significantly reduced
and thus the panicle architecture was analyzed. The panicle length of both OX and RNAi
lines was significantly reduced (Figure 3.14A, B). Branches per panicle and spikelet per
branch were significantly decreased in the OX lines but remained similar in RNAi lines
when compared to WT (Figure 3.14C, D). Seed mass per panicle was significantly
decreased in both OX and RNAi lines (Figure 3.14E). Both OX and RNAi lines showed
reduced grain filling than that of WT (Figure 3.14F), which could be the main reason for
the decreased seed mass in RNAi lines. However, the reduced seed mass in the OX lines
could result from the combination of the decreased number of branches and spikelets as
well as the low grain filling rate.

106

Figure 3.13 Overexpression of OsGNC reduce the germination
(A) One day and (B) three days after germination of WT and OsGNC transgenic lines,
(C) Quantification of germination after 3 days of germination in WT and transgenic lines.
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Figure 3.14 OsGNC affects rice panicle structure
Phenotype of panicles (A) and quantification of (B) panicle length, (C) branches per
panicle, (D) spikelet per branch, (E) seed mass per panicle and (F) grain filling rate of
OsGNC transgenic lines.
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3.4
3.4.1

Discussion
CGA1 and GNC mediate a complex genetic network

CGA1 and GNC play important roles in multiple processes in plants (Behringer and
Schwechheimer, 2015). Here, the genes associated with CGA1 and GNC binding sites
were globally identified in Arabidopsis using a ChIP-Seq approach. More than 600 and
1400 genes were characterized to be associated with CGA1 and GNC binding,
respectively (Figure 3.3). Gene ontology and pathway enrichment revealed multiple
processes regulated through these target genes (Figure 3.5; Figure 3.6), which is
consistent with the pleotropic function of CGA1 and GNC (Behringer and Schwechheimer,
2015). However, in contrast with the knowledge that CGA1 and GNC function at least
partially redundantly from a phenotypic point of view, the number of genes overlapping
between CGA1 and GNC associated binding sites were extremely low (Figure 3.3),
indicating the possibility that the binding associated genes are largely not shared by CGA1
and GNC. One possible explanation for this could be the presence of a cross-regulatory
mechanism between CGA1 and GNC, in which these two transcription factors regulate
the expression of each other, whereas both of them have largely divergent binding genes.
This cross-regulation has been shown by the fact that the transcript abundance of GNC in
a cga1 mutant is higher, while CGA1 transcript level is higher in a gnc mutant (Richter et
al., 2010). This might lead to the two genes having a high level of overlap in terms of coexpressed genes, while still sharing few binding associated genes. GNC and CGA1 and
other two GATA transcription factor, HAN and HANL2, which belong to GATA-3 family have
been reported to be cross-regulated in controlling the level of their expression necessary
for normal plant growth and development (Zhang et al., 2013).
Recently, cytokinin response factors CRF1, CRF2, CRF3, CRF5 and CRF6 were reported
as functionally redundant positive regulators of early senescence. The Over-expressors
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of these genes showed early senescence and the crf1,3,5,6 quadruple mutant displayed
significantly delayed senescence when compared to WT (Raines et al., 2016). Interestingly,
CRF2 was found as one of the overlapping genes between CGA1 and GNC binding sites,
Given the clear early senescence phenotype in the gnc cga1 double mutant, it is possible
that CGA1 and GNC negatively regulate CRF2 or other CRFs in controlling the
senescence process. Expression of STP9 was dramatically increased in the gnc cga1
double mutant (Figure 3.7), indicating STP9 could be a direct target gene of these two
GATA factors. STP9 is only expressed in flower tissue, specifically in anthers, stigma and
pollens and plays important roles in pollen development and fertilization (Schneidereit et
al., 2003). Previous studies and results found in this thesis revealed the poor fertilization
and seed quality in GNC or CGA1 OX lines in both Arabidopsis and rice (Figure 3.13;
Figure 3.14) (Hudson et al., 2011; Hudson et al., 2013). This suggests GNC and CGA1
might function in fertilization and seed formation through STP9.
3.4.2

Function of CGA1 and GNC is conserved across plant species

GATA transcription factors are broadly distributed in eukaryotes. In plants, they are divided
into several subfamilies based on the presence and organization of different domains. One
subfamily of GATA factors contains only one single GATA domain without other functional
domains, and the GATA domain is split by an intron (Reyes et al., 2004). This subfamily is
also called the B-class GATA transcription factor and exists across different plant species
including Arabidopsis, rice, tomato, barley and Brachypodium. This class of GATA factor
is further divided into three sub-groups based on the length of their N-terminus and the
presence of the C-terminal leucine-leucine-methionine (LLM) domain (Behringer et al.,
2014). Although it was found that the over-expressors of B-class GATA with or without the
LLM domain functioned differently in controlling plant architecture, a high degree of
functional conservation was found among B-class GATA members across various plant
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species. For example, over-expressing the Arabidopsis GATA15 or GATA17 results in a
similar phenotype as AtGNC or AtCGA1 over-expression and over-expression of some of
the B-class GATA factor genes from tomato, or Brachypodium in Arabidopsis also
increases chlorophyll accumulation (Behringer et al., 2014). In the present study, the
function of OsGNC was studied by generating rice transgenic lines and, although
pleotropic phenotypes were observed (Figure 3.9; Figure 3.10; Figure 3.11; Figure 3.12;
Figure 3.13; Figure 3.14), its function in greening and flowering was conserved (Figure
3.9; Figure 3.10; Figure 3.11) and the phenotype of OsGNC transgenic lines resembled
that which was reported for the OsCGA1 transgenic lines (Hudson et al., 2013). This
suggests that B-class GATA transcription factors, including GNC and CGA1 are
functionally conserved in controlling greening and flowering.
In conclusion, this study confirmed that the function of GNC and CGA1 in regulating plant
greening and flowering is conserved across plant species. GNC and CGA1 clearly
regulate multiple processes in plant growth and development. In addition, this study
characterized the possible downstream target genes of Arabidopsis GNC or CGA1 and
this could be a useful resource for understanding the regulatory network that GNC or
CGA1 is involved in and for elucidating the further detailed function of these two GATA
transcription factors.
3.5
3.5.1

Materials and Methods
Generation of Rice Transgenic Lines

Wild-type rice (Oryza sativa) ssp japonica Kaybonnet was used as the genetic background
to generate transgenic lines. The constructs used for overexpression and RNAi of OsGNC
(LOC_Os06g37450) were made by Syngenta (USA) using a UBIQUITIN promoter in front
of the endogenous OsGNC complementary DNA (cDNA) sequence. Agrobacterium
tumefaciens mediated transformation was performed according to standard protocols
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(Nishimura et al., 2006), and the T1 transgenic seedlings were genotyped and selected
using AgraStrip ○R PMI SeedCheck Test Strip (Romer Labs), which is based on the
Phosphomannose Isomerase (PMI) gene as a positive selective maker (Penna et al.,
2008). The expression level of OsGNC in several transgenic lines was confirmed with
qRT-PCR and 2 homozygous lines from either overexpression or RNAi transgenic lines
were selected for the further study.
3.5.2

Plant Materials and Growth Conditions

Arabidopsis myc-CGA1 and myc-GNC overexpression lines with c-myc epitope tag were
previously reported (Hudson et al., 2011). T-DNA insertion lines for AtGNC (SALK_001778)
and AtCGA1 (SALK_003995) were obtained from the Arabidopsis Biological Resource
Center (Bi et al., 2005). The gnc cga1 double mutant was generated by crossing the two
single mutants and subsequent selection.
Arabidopsis plants were planted in Sunshine LA4 soil mix (Sun Gro Horticulture Ltd,
Canada) and grown in growth chambers (22℃ day/18℃ night, 16hrs light/8hrs dark, light
density is 150 μmol · m-2 · s-1, humidity is 60%).
Wild-type rice (Oryza sativa) ssp japonica Kaybonnet and the overexpression and RNAi
lines generated based on this genotype (See Generation of Rice Transgenic Lines) were
planted in the growth chamber in a 4:1:1 vermiculite: peat moss: LA4 Sunshine Soil
mixture (SunGro Horticulture) with 12hrs light (~500 μmol · m-2 · s-1). Nutrient solution
containing 10mM NO3-, which is determined to be sufficient for rice (Bi et al., 2009) was
applied weekly.
3.5.3

Chlorophyll Content Quantification

Chlorophyll content was determined as described in (Arnon, 1949; Porra et al., 1989). In
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brief, samples were weighted, grinded and incubated in the dark at 4℃ with 80% acetone.
After centrifugation, the supernatant was collected and subjected to spectrophotometry to
measure the absorbance at 645nm and 663nm. Total chlorophyll content was calculated
using the formula: 8.05*A663+20.29*A645. This yields mg chlorophyll · L-1 extract and then
the chlorophyll content is expressed in mg · g-1 fresh weight.
3.5.4

ChIP-Seq

Arabidopsis myc-CGA1 and myc-GNC overexpression lines were used for the ChIP-seq
experiment. ChIPed DNA was prepared from the leaves of 3-weeks old myc-tagged
overexpression lines using the protocols described in (Gendrel et al., 2005). Briefly, freshly
harvested leaves were cross-linked in 1% formaldehyde under vacuum. The chromatin
was extracted, sonicated (10% sonicated chromatin was saved as the INPUT sample
without incubating with anti-myc antibody) and the DNA was immunoprecipitated by antimyc antibody (Millipore) as the IP sample. Both IP and INPUT DNA were purified and over
15ng of each DNA from two biological replicates of each genotype were sent for library
construction and high-throughput sequencing using Hi-Seq 2500 sequencer (Clinical
Genomics Center, Mount Sinai Hospital, Toronto, Canada).
3.5.5

ChIP-Seq Data Analysis

Raw sequencing reads were trimmed and then all the reads were mapped to the
Arabidopsis genome (Tair10 from https://www.Arabidopsis.org) using Bowtie2 software
(Langmead and Salzberg, 2012) (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml)
under default option except with -N 1 --no-unal, which means mapping process allows 1
mismatch between genome and each read and the final report does not include those
reads which are not mapped to the genome. Then multiple loci mapping reads were
removed using the grep command by filtering out the reads with the tab of XS:i:, which
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only presents when a read matches multiple location on the genome. Peak calling is
performed using the Model-based Analysis for ChIP-Seq package MACS 1.4 (Zhang et
al., 2008) (http://liulab.dfci.harvard.edu/MACS/index.html). Some default MACS options
were adjusted: effective genome size is set as 1.2e+8; band width is optimized in
generating a peak shift model and -w -S option was used to allow MACS generating a
single .WIG file including each chromosome for peak visualization. Then the .bed file
generated by MACS is submitted to ChIPSeek for peak annotation (Chen et al., 2014)
(http://chipseek.cgu.edu.tw/index_show.py). The peak distribution was summarized based
on the peak location and only promoter related peaks were saved for further analysis.
Gene Ontology (GO) enrichment analysis was performed using agriGO (Du et al., 2010)
(http://bioinfo.cau.edu.cn/agriGO/). Pathway analysis was conducted using the MapMan
software (http://mapman.gabipd.org/web/guest/mapman) (Thimm et al., 2004).
3.5.6

ChIP-qPCR Analysis

The prepared ChIP-DNA from myc-AtGNC and myc-AtCGA1 overexpression lines were
subjected to qPCR analysis using the respective primers (Table S3). Primers were
designed by Primer Express 3.0 (Applied Biosystems) around the peak summit of each
gene based on the ChIP-Seq result. A pair of primers designed from Actin7 promoter was
used as the negative control for ChIP-qPCR. Anti-IgG antibody was used independently
in the ChIP-DNA preparation and the resulting DNA served as a negative control for the
ChIP assay. ChIP-qPCR was performed in triplicate for each sample using PerfeCTa
SYBR Green Fast Mix (Quanta Biosciences) on ABI 7300 Real-Time PCR System
(Applied Biosystems). The expression level was normalized to the INPUT sample and fold
enrichment was presented as % INPUT according to (Lin et al., 2012).
3.5.7

Real-time PCR

Total RNA from 3 biological replicates of each sample was isolated using Trizol Reagent
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(Life Technologies) according to the user manual. RNA was treated by DNase I (Promega)
and then 1 μg of DNA-free total RNA was used for cDNA synthesis with qScript™ cDNA
SuperMix (Quanta Biosciences) according to the manufacturer’s instructions. cDNA was
diluted by 10 times after reverse transcription reaction and 1 μl was used in Real-time
PCR reaction. Primers (Table S3) were designed using Primer Express 3.0 (Applied
Biosystems) and Real-time PCR was performed using PerfeCta SYBR Green FastMix
(Quanta Biosciences) with ABI 7300 Real-time PCR System (Applied Biosystems). PCR
reaction was performed in triplicate for each biological replication. Expression levels were
normalized against rice ACTIN8 and calculated using 2-ΔΔCt method (Livak and Schmittgen,
2001). All the expression data was presented as fold change value and was transform into
log2 value for statistical analysis.
3.5.8

Statistical Analysis

Student’s t-test was performed using SPSS software (IBM).
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4. Chapter 4: Conclusions and Perspectives
Adverse environmental conditions cause major loss in crop production worldwide and
developing crops that are more tolerant of the important abiotic and biotic stresses is of
primary importance to increase realizable yields. Anthough the signalling pathways
involved in recognizing these different stresses and the corresponding responses in plants
are extensively studied, there is still much more to be learned. In addition, it will be
important to use this knowledge for crop improvement and sustainable crop production.
This thesis had two major themes: first the analysis of the role of ROS in the induction of
anthocyanin production and the role of anthocyanins in protecting plants against ROS
stress; second an analysis of two GATA transcription factors that are important in plant
growth and development as well as the response to environmental stress.
ROS were found to be key signals for regulating anthocyanin biosynthesis. The
physiological importance of this accumulation was systematiclly analyzed by studying this
response in anthocyanin defective and over-accumulating mutants and how they respond
to ROS, high light and cold stresses. This work showed that ROS is an efficient and
important signal in triggerring the anthocyanin biosynthesis by turning on the expression
of the late biosynthetic genes (LBGs) and their corresponding regulatory genes.
Anthocyanin defective mutants are sensitive to ROS treatment while the anthocyanin overaccumulator mutant is less sensitive. The reversal of this sensitivity in anthocyanin
defective mutants by supplementation of cyanidin provides convincing evidence that
anthocyanin plays an important role in endogenous ROS scanvenging. When grown in
soil under high light and cold treatment, anthocyanin defective mutants also showed
various levels of sensitivity. The response pattern derived from this experiment addressed
the role of anthocyanin in ROS scanvenging activity, chlorophyll maintainence and
photosynthetic protection. Therefore, this study expands our knowledge of the role that
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secondary metabolites play in plant defense and in plant response and adaptation to
stresses.
ROS are not only harmful byproducts of plant metabolism, but are also important source
for signalling of various processes especially in stress response. However, the ROS
signalling network is still poorly understood. In this study, we only identified the late steps
of ROS signalling, namely induced anthocyanin accumulation. Future work on the whole
signalling and regulatory network of ROS in controlling anthocyanin biosynthesis,
especially under stress conditions, are important directions that should be followed.
In this study, we utilized 10 anthocyanin mutants covering the main regulatory and
biosynthetic genes. Although all of anthocyanin defective mutants lead to the failed
accumulation of anthocyanin, the flavonoids profile in each mutant is different. In fact, we
observed differences in plant growth and development between WT and some of the
mutants, as well as the specificity in stress response of specific mutants. Therefore, it is
of great interests for future studies to explore the roles of different flavonoids in regulating
plant development and stress defence.
The second approach taken in this thesis focused on the transcriptional regulation of two
GATA transcription factors, CGA1 and GNC in Arabidopsis and rice, looking at
downstream target genes of these two factors in Arabidopsis and studying the role of the
OsGNC homologue in rice. A ChIP-Seq approach was utilized to identify the genome-wide
binding targets of the Arabidopsis CGA1 and GNC transcription factors. The putative
target genes, through which CGA1 and GNC regulate seed formation, early senescence
and chlorophyll accumulation were proposed. The results revealed the pleotropic functions
of the two transcription factors and give some clues to the complex transcriptional
regulation networks and senescence process. Analysis of the phenotype of the rice
OsGNC transgenic lines supported the conserved function of these two transcription
factors across plant species. Future work will be focused on exploring and verifying the
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direct downstream target genes in regulating greening, senescence and other processes.
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Appendix. Supplemental Material
Table S1

Real-time PCR primers used in chapter 2

Primer Name
AtPAP1_F
AtPAP1_R
AtTT8_F
AtTT8_R
AtTTG1_F
AtTTG1_R
AtTT3_F
AtTT3_R
AtTT4_F
AtTT4_R
AtTT5_F
AtTT5_R
AtTT6_F
AtTT6_R
AtTT7_F
AtTT7_R
AtTT18_F
AtTT18_R
AtTT19_F
AtTT19_R
AtGL3_F
AtGL3_R
AtEGL3_F
AtEGL3_R
AtMYB11_F
AtMYB11_R
AtMYB12_F
AtMYB12_R
AtMYB111_F
AtMYB111_R
AtMYB113_F
AtMYB113_R
AtMYB114_F
AtMYB114_R
AtPAP2_F
AtPAP2_R

Primer Sequence
GTATGGAGAAGGCAAATGG
TGAAGGCGAAGAAGAAGA
AGAGCATCAGCAAGTGAA
GCGGTAGCCTCTTATCTT
TGTTCAGTCCTCCTTCTC
GCTCTACATCGTTCCAATC
CGCTCTCTCCTATCACTC
GGCTGCTTGTTCGTATAAG
CAGGCATCTTGGCTATTG
CGGAAGTAGTAGTCAGGAT
GCCTCCTCCAATCCATTA
CCTTCCACTTGACAGATAGA
GTGACAATGGCAAGACAT
CGTGGCTATGGATAATCTG
CGAAACCCGTGAATTTAGG
GAAGTCTCCGATGTTGAATAC
TTCTTTCATCTTGCGTATCC
ACTCACTCGTTGCTTCTAT
TCTTCTTCGTCAGCCATT
ACTTGGTAGCGTAGTATCTC
TCTCATTCGGTTCAATCCT
ATTCCTGGTGTCGCTATT
AACGATGATGAAGAGGAAGA
TTAGACCAGCATAACCGATA
TGCCAACTACGACAATAGA
GTTCCTCTGCTCCACTTA
CTTCTTCAGTCTTGTCCATC
CCTCATCATCACCGTCTAA
ACGGCTCTTGAGTAGTTG
CGCTTCCTTGTTCTTCTTC
TGAGTAAGAAGCACGATGA
GCCGATGAAGTAGGATGA
TCTTCTTCGTCTTCATAAGC
GGTGTTCCAGTAGTTCTTG
ATGGACTGCTGAAGAAGAT
TATGAAGGCGAAGAAGAAGA

Gene ID
AT1G56650

AtPORB_F

ACCAAATCAAATCCCAACATGG

AT4G27440
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AT4G09820
AT5G24520
AT5G42800
AT5G13930
AT3G55120
AT3G51240
AT5G07990
AT4G22880
AT5G17220
AT5G41315
AT1G63650
AT3G62610
AT2G47460
AT5G49330
AT1G66370
AT1G66380
AT1G66390

AtPORB_R
AtCAO_F
AtCAO_R
AtPPH1_F
AtPPH1_R
AtNYE1_F
AtNYE1_R
AtLHCB1.3_F
AtLHCB1.3_R
AtRBCS1A_F
AtRBCS1A_R
AtRBCS3B_F
AtRBCS3B_R
AtCSD2_F
AtCSD2_R
AtMSD1_F
AtMSD1_R
AtFSD2_F
AtFSD2_R
AtsAPX_F
AtsAPX_R
AtCAT3_F
AtCAT3_R
AtCYP5_F
AtCYP5_R
AtUBC21_F
AtUBC21_R

GGCTCTTTAGCTGTCGGGAAAT
CAACCGATGGAGAATGTAAG
TGATGGAGGCTGTAAAGAA
TCCCCAACGCTCCATACTAC
CCTCAGGGACTTCATCGTGT
AGCAGCAGCAGCTCACTCTT
CGGTCCAAACAACCTTGC
ACAGAGTCGCAGGAAATGGG
GGTAAAGCAAGTCCTCGGCC
ACTACCTTATCCGCAACAA
TCTTCCACTTCCTTCAACA
TCACTTCCATCGCAAGCAAC
GCCACACCTTCATGCAGCTAA
TATCTCAACAGGACCACATT
GGACCAGTCAGAGGAATC
CGTTGTGTAGCGAGTAGA
AGTAACATAAGCCTGGTGAT
AGAAGGAACAGAGACAGAAG
TAGTCAACCTCAGATACATCG
GCCTGAGACGAAGTACACGA
TCTGGTGTCCATGACTGTCC
AAGCCTATTTGGGGGATCAT
TGTTCCATACAGGAGCACCA
TTGCTGATGAGAACTTCAAG
GCGAACCATTTGTGTCTT
TCCTCTTAACTGCGACTCAGG
GCGAGGCGTGTATACATTTG
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AT1G44446
AT4G27800
AT4G22920
AT1G29930
AT1G67090
AT5G38410
AT2G28190
AT3G10920
AT5G51100
AT4G08390
AT1G20620
AT2G29960
AT5G25760

Figure S1 Anthocyanin mutants under HL stress for 2 weeks and cold stress for
6 weeks
(A) Phenotype of anthocyanin mutants under HL for 2 weeks or cold for 6 weeks.
(B) Chlorophyll content; (C) Chlorophyll reduction rate; (D) Anthocyanin content of the
mutants after HL for 2 weeks.
Due to the reduced growth and slow response of the plants to cold stress, after cold stress
for 6 weeks, the plants grown under control condition were no longer existing.
(E) Chlorophyll and anthocyanin content of the mutants after cold for 6 weeks.
Phenotypic experiments were repeated 2 times for long-term treatment and similar results
were obtained. Data represents means ± SD. The Student’s t-test analysis indicates
significant level (compared with WT * P<0.05, ** P<0.01).

138

Figure S2 Overview of ChIP assay and ChIP-Seq data
(A) DNA sonication in ChIP assay.
(B) Peak length distribution in CGA1 and GNC ChIP-Seq
(C) Number of all reads, mapped reads and unique reads generated from ChIP-Seq
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Figure S3 Identification of peaks by model-base analysis of ChIP-Seq (MACS)
(A) Peak shift model for each replicate of CGA1 and GNC ChIP-Seq.
(B) Summary of peak shift size for generating the peak shift model in each replicate of
CGA1 and GNC.
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Table S2

Overlapped genes between CGA1 and GNC associated binding sites

Chr

Gene ID

1
1
1
1
1

AT1G08510
AT1G19650
AT1G27680
AT1G27770
AT1G35730

Gene
Name
FATB
AT1G19650
APL2
ACA1
PUM9

1

AT1G55960

AT1G55960

1
2
2
2
2
2
2
2
2
3
3
3
3
3

AT1G56260
AT2G01023
AT2G03310
AT2G17490
AT2G33850
AT2G35380
AT2G36310
AT2G40840
AT2G46700
AT3G23470
AT3G26090
AT3G27090
AT3G47580
AT3G49760

AT1G56260
AT2G01023
AT2G03310
AT2G17490
AT2G33850
AT2G35380
URH1
DPE2
CRK3
AT3G23470
RGS1
AT3G27090
AT3G47580
bZIP5

3

AT3G56060

AT3G56060

3
3
4
4
4
4
4
4
4
4
4
5

AT3G58190
AT3G63445
AT4G18980
AT4G23750
AT4G27050
AT4G27490
AT4G32000
AT4G32480
AT4G33920
AT4G34950
AT4G36710
AT5G10235

LBD29
AT3G63445
AtS40-3
CRF2
AT4G27050
AT4G27490
AT4G32000
AT4G32480
AT4G33920
AT4G34950
AT4G36710
AT5G10235

5

AT5G13290

CRN

5
5

AT5G15500
AT5G34790

AT5G15500
AT5G34790

Gene Description
fatty acyl-ACP thioesterases B
Sec14p-like phosphatidylinositol transfer family protein
glucose-1-phosphate adenylyltransferase large subunit 2
autoinhibited Ca2+-ATPase 1
protein pumilio 9
putative polyketide cyclase/dehydrase and lipid transportlike protein
uncharacterized protein
uncharacterized protein
uncharacterized protein
pseudo
uncharacterized protein
peroxidase 20
Uridine nucleosidase 1
4-alpha-glucanotransferase DPE2
CDPK-related kinase 3
cyclopropane-fatty-acyl-phospholipid synthase
putative membrane receptor protein RGS1
DCD (Development and Cell Death) domain protein
Leucine-rich repeat protein kinase family protein
basic leucine-zipper 5
Glucose-methanol-choline (GMC) oxidoreductase family
protein
protein ASYMMETRIC LEAVES 2-LIKE 16
ncRNA
protein AtS40-3
ethylene-responsive transcription factor CRF2
F-box protein
3'-5'-exoribonuclease family protein
protein kinase family protein
uncharacterized protein
putative protein phosphatase 2C 63
major facilitator family protein
scarecrow-like protein 15
tRNA
inactive leucine-rich repeat receptor-like protein kinase
CORYNE
ankyrin repeat-containing protein
pseudo
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5
5
5
5
5
5
5

AT5G43300
AT5G44620
AT5G49980
AT5G53451
AT5G55050
AT5G60460
AT5G64710

AT5G43300
CYP706A3
AFB5
AT5G53451
AT5G55050
AT5G60460
AT5G64710

5

AT5G64760

RPN5B

5
5

AT5G66816
AT5G67640

AT5G66816
AT5G67640

glycerophosphodiester phosphodiesterase
cytochrome P450, family 706, subfamily A, polypeptide 3
auxin F-box protein 5
uncharacterized protein
GDSL esterase/lipase
protein transport protein SEC61 subunit beta
putative endonuclease or glycosyl hydrolase
26S proteasome regulatory particle non-ATPase subunit
5B
uncharacterized protein
uncharacterized protein
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Table S3

Primer used in Chapter 3

Primer name
AT1G18330_ChIP_F
AT1G18330_ChIP_R
AT1G65360_ChIP_F
AT1G65360_ChIP_R
AT2G40840_ChIP_F
AT2G40840_ChIP_R
AT3G26210_ChIP_F
AT3G26210_ChIP_R
AT3G27090_ChIP_F
AT3G27090_ChIP_R
AT3G56060_ChIP_F
AT3G56060_ChIP_R
AT3G58190_ChIP_F
AT3G58190_ChIP_R
AT4G01430_ChIP_F
AT4G01430_ChIP_R
AT4G36710_ChIP_F
AT4G36710_ChIP_R
ACT7ChIP_F
ACT7ChIP_R
OsGNC_RT_F
OsGNC_RT_R

Sequence
CCCATTATCCCAACCATTT
CTCATTGTTCAGTTTTGTAAGT
GTCGTCATGTGTCATGTTTA
TTAATCGCCTGCTTTTGAAT
GGAGAACTGTATTTGTTACTGTA
GTATTGAAGAAGATCACGAGAT
CGATCTCATCTGTTGTTCC
GGTAATAGTCAAGCCATTCAT
CTGTCTACTGAGGCAATGA
GGTTGGTTGGATCTGTGA
CAGCATCAATAGTCAATAGCC
GGAATCCAAGTGGTCAAGA
AGACCATTAAGCAGACAAGA
TTACAAGCACCACAAGGA
GAGTTGTTGTGCGTTGTA
TGATACCGACGTGTCTAC
CTCCACATAAAGCCCAGT
ACCTAGTTGTTAGTACCACAC
CGTTTCGCTTTCCTTAGTGTTAGCT
AGCGAACGGATCTAGAGACTCACCTTG
GACAGCACCACTCTAAGC
AAGATGCCAGCGGATGAT

OsACTIN1_RT_F
OsACTIN1_RT_R
AtSTP9_F
AtPTAC7_F
AtPTAC7_R
AtLHCB1.4_F
AtLHCB1.4_R
AtCHL-CPN10_F
AtCHL-CPN10_R
AtTIC20-IV_F
AtTIC20-IV_R
AtLHCB5_F
AtLHCB5_F
AtUBC21_F
AtUBC21_R

GTCCTCTTCCAGCCTTCCTT
TACCACCACTGAGAACGATGT
ACCGTCTTCATCTACTTCTT
TTCACCTGTTCTTCTCCAT
ATCGTCCTTCTTCGTCAA
AAGGTTGGCTATGTTCTCT
GCATTGTTGTTGACTGGAT
GGCTAACCATACGCTTCT
GGCAACAATACTCCACCT
GGACGGTTCGGAATGTAT
GCATAGACTCCAGCAAGA
TTCAGGGCAGTTTCAAGA
GCTCATCGCTAGTCTCAG
TCCTCTTAACTGCGACTCAGG
GCGAGGCGTGTATACATTTG
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Remarks

ChIP-qPCR
verification

Real-time
PCR

