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1 Introduction:
1.1 Flavonoids and their potential function in plants.
The plant secondary metabolites flavonoids have many classes, some of them believed to
have antioxidant functions in higher plants, which are challenged by a wide range of stresses
(Agati and Tattini 2010). In many cases, the antioxidant activities of flavonoids are part of
the general stress response (Winkel-Shirley 2002). Other potential functions of flavonoids are
modulating auxin transport, affecting root gravitropism, and influencing whole plant
architecture (Buer, Kordbacheh et al. 2013). Both abiotic and biotic stresses incite flavonoid
accumulation in plants (Dixon and Paiva 1995). Flavonoids attract pollinators in many
flowers and protect plant cells from excess light (filter out the UV light) by screening
photosynthetically active radiation (Hernández and Van Breusegem 2010). The most widely
accepted functions of flavonoids are their antioxidant activity because of their ability to
reduce reactive oxygen species (ROS) accumulation by their ROS scavenging ability (Pietta
2000). Flavonoids are distributed in a wide array of cellular and sub-cellular compartments of
the cell, which is suitable for their antioxidant function (Agati, Azzarello et al. 2012). They
also modulate auxin transport (Peer and Murphy 2007).
It is now widely accepted that generally in plants, flavonoid content increases under various
stress conditions. It has also been revealed that flavonoid biosynthetic genes are upregulated
under abiotic stress (Hernández and Van Breusegem 2010). According to (Agati, Azzarello et
al. 2012), some classes of flavonoids can act as antioxidants under various environmental
stress conditions; for example, dihydroxy β-ring substituted flavonoids. Dihydroxy β-ring
substituted flavonoids are considered to be a useful scavenger (ROS) (Pietta 2000) and useful
for mitigating oxidative stresses (Nakabayashi, Yonekura‐Sakakibara et al. 2014) and
preserving DNA from oxidative damage (Agati, Azzarello et al. 2012). However, UV
absorbing flavonoids can function in photoprotection (Agati and Tattini 2010). Furthermore,
there are many other compounds related to the flavonoids and using the flavonoid
biosynthetic pathway that may act as antioxidants.
The antioxidant functions of flavonoids are outstanding in vitro. However, experimental data
suggest that the relevance of in planta antioxidant activity of flavonoids is still controversial
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because only very little evidence support this role (Hernández, Alegre et al. 2009). The
antioxidant functions of flavonoids have recently been questioned (Pourcel, Routaboul et al.
2007). However, more research needs to be done to find a solution to this question of if and
how flavonoids are performing an antioxidant role (ROS scavenging) in plants.

1.2 The generation of reactive oxygen species (ROS) and oxidative
damage in plants
The production of ROS in the different cellular compartments are common in plants under
various abiotic stress conditions (Del Rio 2015). ROS are generated as a byproduct of cellular
metabolism (Apel and Hirt 2004) and result in damage to biological systems. More often,
ROS are produced in chloroplasts, apoplast and peroxisome, but may also be produced in less
familiar locations such as the nucleus and the endoplasmic reticulum (Overmyer, Brosché et
al. 2003, Jaspers and Kangasjarvi 2010, Sewelam, Jaspert et al. 2014, Del Río and LópezHuertas 2016).
ROS commonly include both oxygen radicals, such as superoxide (O2.-), hydroxyl (·OH),
peroxyl (ROO·) and non-radicals, for instance, hydrogen peroxide (H2O2), singlet oxygen
(1O2 ), and ozone (O3) (Halliwell 2006). Generally, plants accumulate all of the different kind
of ROS under abiotic stress. ROS are oxidising agents, especially singlet oxygen (1O2) and
hydroxyl radicals (·OH) can react quickly and cause damage to lipids, proteins, and nucleic
acids (Del Rio 2015).
However, to survive against this deleterious event, plants use a wide range of antioxidants
they have developed. Efficient antioxidant systems help in overcoming ROS toxicity. Hence,
some researchers argue that whether flavonoids can scavenge ROS efficiently (Nakabayashi,
Yonekura‐Sakakibara et al. 2014) or something else. Using Arabidopsis as a genetic model
system may bring out the answer to this question, since the flavonoid biosynthetic pathway
has been demonstrated at the metabolite and gene levels.
Previously, ROS production was considered as a hazardous process, but at present, ROS are
also now widely known as a signalling molecules (Brosché, Overmyer et al. 2010) . ROS can
act as signals, where their production is tightly controlled (Shapiguzov, Vainonen et al.
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2012). The plant uses these signalling molecules for development and for adaptation in
response to various environmental stresses, and disease resistance (Kangasjärvi, Jaspers et al.
2005).
ROS play a significant role in signal transduction in plants (Del Rio 2015, Turkan 2017).
However, they can also cause severe damage in the plant cells (Dietz, Mittler et al. 2016) and
are also involved in the regulation of programmed cell death (PCD) (Overmyer, Brosché et
al. 2003). A double role of ROS have been presented by Vanderauwera et al., (2009), who
noted that in adverse environmental situations plants produce excessive ROS, which leads to
oxidative damage. Plants have a wide range of antioxidant (both enzymatic and nonenzymatic) mechanisms for protection from ROS induced damage. They use ROS
simultaneously as a signalling molecule within different biological processes. However, there
is still much to learn about ROS signalling and the balance between ROS production and
scavenging.

1.3 The methyl viologen (MV) induced ROS response
Methyl viologen (MV; N,-N′-dimethyl-4,-4′-bipyridinium dichloride) is a herbicide and is
commercially known as paraquat. MV is a widely used tool to observe the role of ROS, i.e.
O2.- in the chloroplast (Mano, Ohno et al. 2001) or in the mitochondria (Cui, Brosche et al.
2018). MV generates the accumulation of ROS in plants, leading to oxidative stress (Fujita,
Fujita et al. 2012). Over-accumulation of anthocyanin diminishes MV-induced ROS
accumulation under oxidative and drought stress (Nakabayashi, Yonekura‐Sakakibara et al.
2014). MV mimics high light, as both produce ROS in the chloroplast (Kangasjärvi, Jaspers
et al. 2005).

1.4 Flavonoid biosynthesis and their localization in plants
Flavonoids accumulate inside the cell as protectants. Flavonoids and anthocyanins (a class of
of flavonoids) protect against light. They mostly accumulate in epidermal cells in the vacuole
but are found in other cell types too. Flavonoids are mainly synthesized in the cytosol, in
multi-enzyme complexes connected to the endoplasmic reticulum (ER) membrane (Hrazdina
and Wagner 1985). They are transported from the ER membrane to their subcellular organelle
(Hernández, Alegre et al. 2009). Dihydroxy β-ring substituted flavonoids are present in the
3

vacuoles of mesophyll cells, which is separated from ROS production site (Pourcel,
Routaboul et al. 2007). This raises the question of how flavonoids can carry out reducing
activity if they are not found at the major ROS generation sites in the plant cell for example,
mitochondria, chloroplasts, plasma membranes, peroxisomes, apoplast, endoplasmic
reticulum, and cell walls (Sharma, Jha et al. 2012).
The presence of flavonoids in mitochondria and chloroplast is controversial. However, it has
been reported that chloroplasts contain flavonoids and are capable of flavonoid biosynthesis
(Hernández, Alegre et al. 2009). Chloroplast can scavenge singlet oxygen (1O2) efficiently
(Agati, Azzarello et al. 2012). Dihydroxy β-ring flavonoids have also been reported in the
nucleus (Agati, Azzarello et al. 2012).

Figure 1. The simplified flavonoid biosynthesis pathway in Arabidopsis. The locations of
the tt mutations are depicted (in brackets). The mutants tt1, tt2, tt8, ttg1, and ttg2 encode transcription
factor (TF) (Frangne, Eggmann et al.) genes that regulate the flavonoid biosynthesis pathways. The
TFs shown here are a WIP family zinc finger, R2R3 repeat MYB, bHLH, WD40 repeat gene, and a
WRKY type (WRKY44), respectively. The tt3, tt4, tt5, tt6, tt7, and tt10 genes are encode the
biosynthetic enzymes; DFR (dihydroflavonol reductase), CHS (chalcone synthase), CHI (chalcone
isomerase), F3H (flavonol 3-hydroxylase), F3/H (flavonol 3/-hydroxylase), and PPO (polyphenol
oxidase), respectively. Other genes involved in the pathway are UFGT (UDP- flavonoid
glucosyltransferase), ANR (anthocyanidin reductase), and ANS/LDOX (anthocyanidin
synthase/leucoanthocyanidin dioxygenase), LAR (leucoanthocyanidin reductase), MYB11, MYB12,
and MYB111. The dashed arrows denote the late flavonoids biosynthetic pathway. Adapted from
(Buer, Kordbacheh et al. 2013).
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1.5 Transport of flavonoids
Flavonoids are synthesised in the endoplasmic reticulum and transported into different
compartments of the cell via a specific flavonoid transportation system; i.e. into the cell wall
via an extracellular transport system and into the vacuole via an intracellular transportation
system (Lin, Irani et al. 2003), via ATP-binding cassette (ABC) proteins and multidrug and
toxic compound extrusion (MATE) type transporters (Agati, Azzarello et al. 2012). There are
two different mechanisms by which transportation of flavonoids into and out of the vacuole
generally occurs, for instance, membrane transporter-mediated transport and vesicle-mediated
transport (Kitamura 2006).
Flavonoids are conjugated with glutathione by GST (Martinoia, Grill et al. 1993) (Kitamura
2006). The glutathione conjugates are recognised and sequestered to the vacuoles or exported
to the cell wall by ATP-dependent, proton-gradient independent transporters, called ATPbinding cassette (ABC)-type transporters. These observations from Kitamura (2006) suggest
that some flavonoids are taken up into the vacuoles with the help of ABC-type transporters. A
subclass of the ABC proteins, the multidrug resistance-associated proteins (MRPs), facilitate
the transport of flavonoid–glutathione conjugates in plants (Kitamura 2006).
Multidrug and toxic ion extrusion (MATE) type transporters are also considered as a novel
type of transporter, which is involved in vacuolar flavonoid transport in plants. The
Arabidopsis transparent testa12 (tt12) mutant encodes an ATP dependent transporter that is
involved in the vacuolar accumulation of proanthocyanidins in the seed coat (Debeaujon,
Peeters et al. 2001). Anthocyanins and proanthocyanidins have also belong to the flavonoids
and are found in variable amounts in flowers, seed coats, leaves, fruits, and bark of many
plant species (Dixon, Xie et al. 2005, Li, Chen et al. 2016). These compounds play protective
roles in plants (Xu, Mahmood et al. 2017). Debeaujon et al., (2001) suggest that the tt12
mutant is a transporter that transports proanthocyanidin precursors into vacuoles. Analysing
the sequence characteristics, the tt12 mutant is classified as multidrug efflux transporter,
which is different from ABC- type transporters (Rea 1999).

ABC- type transporters have been categorised into a new family named “the multidrug and
toxic compound extrusion (MATE)” family (Brown, Paulsen et al. 1999). The MATE family
is distinguished by the appearance of 12 putative transmembrane segments and by the
5

deficiency of signature sequences that are specific to the other multidrug transporter
superfamilys (Morita, Kataoka et al. 2000).
The transporters (Both ABC type and MATE type) are known to move flavonoids outside of
the cell or into the vacuole (Agati, Azzarello et al. 2012). In the vacuole; ABC-type
transporters work more efficiently in accumulating flavonoids than MATE-family protein
(Frangne, Eggmann et al. 2002). More research is required to understand clearly the transport
mechanism and transport rate of flavonoids in and out of the cell and sub-cellular
compartments (Agati, Azzarello et al. 2012).

The synthesis of flavonoids and their transport to the chloroplast are not known but may have
some significant functional role in plant growth, development and defence. It has been
proposed that there might be hypothetical transporters involved in the process (Agati,
Azzarello et al. 2012).

1.6 Interactions between flavonoids, auxin, and oxidative stress
The plant hormone auxin (IAA; indole-3-acetic acid) is typically transported from its
production site and has many roles in development and physiological processes of a plant
(Zhao 2010). Morphological traits of plants are under the control of auxin (Jansen 2002).
Auxin regulates many developmental responses, in specific locations often in concentration
gradients created by directional auxin transport (Zhao 2010). Auxin interacts with the ROS
responses and there are many developmental responses that require ROS (Dietz, Mittler et al.
2016). It also controls stomatal opening under stress conditions (Dietrich, Sanders et al.
2001).
Hormones also affect the accumulation of flavonoids in plants. In plants, the accumulation of
flavonoids have been induced by the exogenous applications of auxins or cytokinins
(Hernández, Alegre et al. 2009). For instance, under certain conditions (the presence of
excess sucrose and nitrates) exogenous auxin application improves plant root growth
(Markham, Ryan et al. 1998).
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Flavonoids have been implicated in the regulation of auxin movement in Arabidopsis, by
functioning as inhibitors of polar auxin transport (Peer, Brown et al. 2001). This raises a
possibility of indirect effects in flavonoid biosynthesis mutants through altered auxin
response during ROS sensitivity. However, this has not yet tested whether auxin can
modulate the plant sensitivity to ROS incited by treatment with MV.
Many functions of auxin depend on how it is distributed throughout the plant tissues
(Petrášek and Friml 2009), that is why auxin functions differently in root and shoot. In shoot,
auxin moves basipetally from the apex of the plant toward the root through the inflorescence
or hypocotyl, but bidirectional auxin transport has been found in plant root (Jacobs and
Rubery 1988).
Regulation of auxin control has been investigated by both naturally or artificially occurring
auxin transport inhibitor (Peer and Murphy 2007). Flavonoids belong to the natural inhibitors
of auxin transport in which flavonols and isoflavones are the most efficient subgroup (Brown,
Rashotte et al. 2001). 1-N-naphthylphthalamic acid (NPA) is an artificial auxin transport
inhibitor (Katekar and Geissler 1980). Flavonols and NPA perform the similar function with
auxin because both of them competitively bind the same regulatory protein connected with
auxin efflux carrier (Jacobs and Rubery 1988). In 1990, Katekar and Geissler published that
auxin transport inhibitor blocks the active auxin transportation at a certain concentration as
well as eliminates gravitropism. The tt4 mutant displays enhanced auxin transport, shows a
less gravitropic response (Buer and Muday 2004), because elementary processes like auxin
movement, phototropism and gravitropism take place when no flavonoids are present
(Winkel-Shirley 2002).

1.7 The growth and development pattern of transparent testa4 (tt4)
Studies from the transparent testa4 (tt4), which is a flavonoid deficient mutant, pointed out
that accumulation of flavonoids promotes tolerance to environmental stresses, such as
oxidative stress (Nakabayashi, Yonekura‐Sakakibara et al. 2014). Most of the genes that play
crucial roles in the flavonoid biosynthetic pathway were identified based on so-called
transparent testa (tt) mutant analysis. These tt mutants were recognised by a pale-yellow
appearance of the seed coat, which results because of the absence of proanthocyanidins
pigments, one of the end product of flavonoid biosynthesis pathway (Shirley, Kubasek et al.
7

1995). Flavonoid deficient Arabidopsis (tt) mutants were found to be hypersensitive to the
ROS inducing agent MV (Xu, Mahmood et al. 2017).
The flavonoid biosynthesis pathway consists of two different groups of genes, i.e. early
biosynthetic genes (the precursors for anthocyanin) and late biosynthetic genes, (downstream
processing genes).
The transparent testa4 (tt4) (mutation in the gene encoding chalcone synthase, CHS) is a
mutant that is entirely free of flavonoids (Peer, Brown et al. 2001). This provides us with an
opportunity to observe the consequence of losing flavonoids (Yin, Messner et al. 2012).
Therefore the tt4 mutant is helpful for understanding flavonoids functions using its mutant
phenotype and reveals its role with flavonoids precursors in the biosynthetic pathway (Buer,
Muday et al. 2007). In Arabidopsis, only a single gene is responsible for encoding CHS
enzyme (Santelia, Henrichs et al. 2008).
In this study, we tested MV sensitivity of an extensive collection of Arabidopsis transparent
testa (tt) and other biosynthesis mutants to genetically define the pathway branch responsible
for a protective effect against ROS stress. We used a genetic approach using Arabidopsis
mutants to address the role of flavonoids in chloroplast ROS signalling response.
Specifically, we addressed the role of potential MV transport in various flavonoids species
and the potential auxin signalling in this response.
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2 Aims of the study:
The overall aim of this study was to test at the role of flavonoids as antioxidants in
chloroplast ROS signalling responses. To solve this, we dissect the pathway, using mutants in
the flavonoid biosynthesis pathway and mutants in regulators of the pathway to identify the
compounds that are responsible for these effects. Additionally there are two sub aims:
The presence of flavonoids in mitochondria and chloroplast is still controversial; to identify
potential chloroplastic or mitochondrial transporters, knockout mutants of candidate MATE
and ABC transporters were screened for paraquat sensitivity. This experiment aims to
identify the candidate MATE and ABC type transporters potentially involved in chloroplast
and mitochondria and addressing the possibility of flavonoids transport into chloroplast and
mitochondria.
Since flavonoids modulate auxin transport, there is a possibility of an indirect effect through
auxin. MV response has been checked with exogenous treatment of artificial auxin (NAA)
and auxin transport inhibitor (NPA) during MV stress to demonstrate the role of auxin in MV
response. The purpose of this experiment is to test whether auxin or the inhibition of auxin
transport have a role in protecting against MV-induced ROS formation.
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3 Materials and methods
3.1 Plant material
Arabidopsis (Arabidopsis thaliana) (Col-0 and Ler ecotypes) was used as the wild-type in
this study. The transparent testa (tt) mutants, T-DNA insertion lines (ABC and MATE type
transporters) of Arabidopsis (Arabidopsis thaliana) were obtained from Nottingham
Arabidopsis Stock Centre (NASC; http://arabidopsis.info/). The transparent testa (tt) mutants
used in this experiment were tt1, tt3, tt4, tt5, tt6, tt7, tt8 and tt10 (in Ler background) and Ler
were used as the control. All the lines used here were known as confirmed homozygous line.
A brief description of all the genotypes used in this study is summarised below in table 1 and
table 2. All mutants were tested under light conditions and tt1, tt3, tt4, tt5 and tt6 were also
tested in dark conditions.
Table 1: Arabidopsis transparent testa (tt), glabra (gl) and transparent testa glabra (ttg)
mutants used in this study.
Name

AGI code

Gene Name

tt1

At1g34790

TRANSPARENT
TESTA1

tt3

At5g42800

TRANSPARENT
TESTA3

tt4

At5g13930 TESTA4

tt5

At3g55120

TRANSPARENT
TESTA5

tt6

At3g51240

TRANSPARENT
TESTA6

tt10

At5g48100

TRANSPARENT
TESTA10

tt16-4
(GK-685G11)

At5g23260 TESTA16

tt18-5

At4g22880 TESTA16

TRANSPARENT

TRANSPARENT

TRANSPARENT

Biological Process
Flavonoid biosynthetic
Nucleus
process.
Catalyzes the conversion of
dihydroquercetin to
Endoplasmic
leucocyanidin in the
reticulum
biosynthesis of
anthocyanins
Flavonoid biosynthetic
process, auxin polar
Cytoplasm, Nucleus
transport, response to auxin,
response to gravity.
Flavonoids biosynthetic
Chloroplast
process.
Flavonoids biosynthetic
Cytoplasm
process.
Flavonoids biosynthetic
Apoplast
process, Involved in lignin
and flavonoid biosynthesis.
Regulation of
Nucleus
proanthocyanidin
biosynthetic process.
Anthocyanin-containing
compound biosynthetic
Cytoplasm
process, proanthocyanidin
biosynthetic process,
Located in
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tt19-8
TRANSPARENT
At5g17220 TESTA19
(SALK_105779)
ttg1-21
(GK580A05)

At5g24520

TRANSPARENT
TESTA GLABRA1

ttg2-5 (GK409B01)

At2g37260

TRANSPARENT
TESTA GLABRA2

gl2

At1g79840

GLABRA2

gl3

At5g41315

GLABRA3

Anthocyanin-containing
compound metabolic
Cytoplasm, nucleus process, regulation of
flavonol biosynthetic
process,
Cytoplasm,
Response to auxin
Nucleus
Regulation of transcription,
Nucleus
DNAtemplated, transcription
Epidermal cell fate
Nucleus
specification
Regulation of transcription,
Nucleus
DNAtemplated, transcription

Table 2: Arabidopsis ABC type and MATE type transporter used in this study.

Name

AGI code Gene Name

SALK_043653C At2g21340 EDS5 HOMOLOGUE

Localization
Chloroplast

SALK_151525C At1g61890

MATE EFFLUX FAMILY
Chloroplast
PROTEIN

SALK_033937C At4g04770

ATP BINDING
CASSETTE PROTEIN1

ATP-BINDING

SALK_003891C At1g54350 CASSETTE D2

ATP-BINDING

Chloroplast

Chloroplast

SALK_110674C At2g01320 CASSETTE G7

Chloroplast

A. THALIANA
OXIDATIVE STRESSSALK_045739C At5g64940
RELATED ABC1-LIKE
PROTEIN1

Chloroplast

Transporter
Functions
type
Drug transmembrane
MATE
transport
Response to karrikin,
MATE
transporter activity
Cellular iron ion
homeostasis,
ABC
regulation
of
response to red or far
red light
Transmembrane
transport,
ATPase
activity-coupled to
ABC
transmembrane
movement
of
substances
ATP
binding,
ATPase
activity,
coupled
to
ABC
transmembrane
movement
of
substances
Cellular response to
oxidative
stress,
Regulation
of
response to ROS,
ABC
response to high
light
intensity,
hydrogen peroxide
and oxidative stress.
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Extrinsic
component of
DIHYDROFLAVONOL
SALK_099848C At5g42800 4-REDUCTASE
endoplasmic
reticulum
membrane
SAIL_1155_A08 At2g21340 EDS5 HOMOLOGUE
aha10-6

eds5-1

AUTOINHIBITED H(+)-

At1g17260 ATPASE ISOFORM 10

ENHANCED DISEASE

At4g39030 SUSCEPTIBILITY5-1

MATE EFFLUX FAMILY

SALK_116357C At2g38330 PROTEIN

ATP-BINDING

SALK_052673C At5g03910 CASSETTEB29.

Anthocyanincontaining
compound
biosynthetic process

Chloroplast

MATE

Drug transmembrane
transport

Plant-type
vacuole
membrane,

H+

proanthocyanidin
biosynthetic process,

Chloroplast

MATE

Chloroplast

MATE

Chloroplast

ABC

Drug transmembrane
transport,
innate
immune
response,
salicylic
acid
biosynthetic process
Drug transmembrane
transport
Transmembrane
transport

3.2 Seed collections
Seeds were sown at high density into 1:1 peat and vermiculite pot. They were kept in +40C
room for three nights. Afterwards, they were transferred to the growth room. The plants were
grown for three weeks in the growth room and then transferred into the greenhouse to
produce seeds. In the growth room, the covers were opened after two or three days to control
humidity. For the germination of the seed, it was important to keep a moist condition. After
three or four days when the plants start growing, the covers were removed completely. After
one week they were transplanted to new pots at lower density (five plants/pot). In the
greenhouse, after flowering, the amount of water was reduced. Finally, seeds were harvested
after taken into the lab.

3.3 Surface sterilisation of seeds
Seeds were surface sterilised in the hood for five to ten minutes. At first, seeds were washed
for five minutes in 70% EtOH with 2% Triton-X and rinsed three times with 70% EtOH.
Then seeds were suspended in 95% EtOH and pipetted out over a filter paper and dried.

12

3.4 Growth and treatment conditions
3.4.1

Chemical composition of growth medium

Standard 0.5x MS medium containing 0.8% agar, 0.05% MES (pH 5.7) and 1% sucrose. As
needed some media were supplemented with MV, NAA and NPA, at 0.1 µM, 100 nM, and 5
µM accordingly.
3.4.2

MV treatment of Col-0 with the artificial auxin, NAA

Sterilised Col-0 seeds were plated on 60 mm round 0.5x MS media plates. Seeds in the media
plate were treated with 0.1 µM MV, 100 nM NAA and a mixture of 0.1 µM MV and 100 nM
NAA. The control plate only had 0.5x MS medium. The second media plate has been treated
with 0.1 µM MV. The third media plate has been treated with 100 nM NAA. Finally, the
fourth media plate has been treated with a mixture of both 100 nM NAA and 0.1 µM MV.
The experiments were repeated three times.
3.4.3

MV treatment of Col-0 with the auxin transport inhibitor, NPA

Sterilised Col-0 seeds were plated on 60 mm round 0.5x MS media plates. Seeds in the media
plate were treated with 0.1 µM MV, 5 µM NPA and a mixture of 0.1 µM MV and 5 µM NPA.
The control plate only had 0.5x MS medium. The second media plate has been treated with
0.1 µM MV. The third media plate has been treated with 5 µM NPA. Finally, the fourth
media plate has been treated with a mixture of both 5 µM NPA and 0.1 µM MV. The
experiments were repeated three times.
3.4.4

MV treatment of Ler and tt4 with the auxin transport inhibitor, NPA

Ler wild-type background was used to compare with tt4. Sterilised seeds were plated on 135
mm square media plates in the presence of 0.1 µM MV and 5 µM NPA. Arabidopsis tt4 and
Ler seeds were treated side by side in four different selection media. First the control plate
with 0.5x MS medium. The second plate was 0.5x MS containing 5 µM NPA. The third plate
was with 0.5x MS with 0.1 µM MV. The fourth plate was 0.5x MS with a mixture of both 5
µM of NPA and 0.1 µM MV. The experiments were repeated three times.
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3.4.5

MV induced growth response of transparent testa (tt) mutants, ABC and MATE
type transporters and flavonoids biosynthetic mutants

Altogether 13 Arabidopsis transparent testa (tt) mutants and 12 transporters (ABC type and
MATE type) were used in this study. Four-flavonoid biosynthetic mutants were also used in
this study. Sterilised seeds were plated on 135 mm square media plate in the presence of 0.1
µM MV against control (0.5x MS medium).

3.5 Reverse genetics assay with the mutant (Col-0 and Ler background)
The plates were placed in the dark at +40C for three days of stratification. Then seeds were
treated in light for four hours to promote germination and then placed vertically in a
controlled environment chamber (fitotron) with 12/12 hr day/night cycle at a constant
temperature of 200C and the lights of 120 µmoles of photons m-2 s-1 for nine days.
MV was used as a tool for probing the genetics of ROS signalling. Root lengths were
measured in the light. Seedlings grew for nine days and after that, they were photographed
and measured. For plants grown in the dark, following the 4 hr light treatment, plates were
covered in two layers of aluminium foil vertically in a controlled environment chamber under
the same conditions given above.

Figure 2. The calculation of the percent of control. The percent of control was used for the
comparison between genotypes. Percent of control=treatment/mean of control*100.
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3.6 Growth measurement assay
For growth measurement, nine-day-old seedlings were photographed with a size scale. The
hypocotyl- (for dark grown plants) or root-lengths (for light grown plants) were measured
with image analysis software (ImageJ; http://rsbweb.nih.gov/ij/).

3.7 Statistics and data presentation
We calculated our data using scripts in the statistical analysis software “R”. Results are
presented as the ratio between MV treated to control root/hypocotyl lengths expressed as a
percentage (% control). At first we took the mean of control, then calculated the percentage
of control of the individual treatment by dividing them with the mean value of control then
multiplied by 100. One-way ANOVA analysis has been performed to know the significance
level of the data. All the experiment has been repeated at least three times. All data from the
biological repeats were pooled, analysed together, and all presented in the figures.
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4 Results:
4.1 MV sensitivity of transparent testa (tt) mutants.
Several Arabidopsis transparent testa (tt) mutants that are deficient in flavonoids (and other
related molecular species) were previously found to be hypersensitive to MV (Cui and
Overmyer, unpublished results). MV causes ROS formation in chloroplasts and mitochondria
(Cui, Brosche et al. 2018). To genetically define the pathway branch responsible for this
protective effect against the ROS stress, MV sensitivity of an extensive collection of
Arabidopsis transparent testa (tt) mutants has been tested. The results are shown in figures 36.
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Figure 3. MV sensitivity of transparent testa (tt) mutants in the light. Wild-type Ler and
the tt mutants after nine days of growth on 0.1 µM MV and 0.5x MS media in light. The tt1,
tt3, tt4 and tt5 were found to be more sensitive against MV compared to wild-type control
(Ler). Root lengths are presented as a percentage of control. The asterisks indicate the
significant difference in mutants as compared to wild-type Ler (*** p=0; ** p=0.007566).
The experiment was repeated three times.
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In figure 3, the tt1, tt2, tt3, tt4, and tt5 mutants, but not the tt6 mutant, all had significantly
shorter root lengths, indicating enhanced sensitivity to MV-induced ROS. It can be concluded
that compounds downstream of these steps in the flavonoid biosynthesis pathway are needed
for protection against MV-induced ROS stress.
MV sensitivity of the tt1, tt2, tt3, tt4, and tt5 mutants have also been tested under dark
conditions (figure 4).

Figure 4. MV sensitivity of transparent testa (tt) mutants in the dark. Hypocotyl were
determined from nine day old seedling grown on 0.5x MS plates 1% sucrose and 0.1 µM MV
in dark. The tt4 and tt5 mutant were found to be more sensitive against MV compared to
wild-type control (Ler). Hypocotyl lengths are presented as a percentage of control. The
asterisks indicate the significant difference in mutants as compared to wild-type (**tt4;
p=0.0027177, **tt5; p=0.0107983). The experiment was repeated three times.

In figure 4, the tt4 and tt5 mutants, but not the other mutants, had significantly shorter
hypocotyl length, indicating enhanced sensitivity to MV-induced ROS also in the dark. The
result in figure 4 confirms that flavonoids have a role in the dark in addition to the light . This
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suggests that the compounds on this pathway have a role other than just the light-filtering
ability of anthocyanin, providing evidence for a possible the antioxidant properties of
flavonoids in plants. From figure 4, it can also be concluded that compounds downstream of
these steps (tt4 and tt5) in the flavonoid biosynthesis pathway are needed for the protection
against MV-induced ROS independent of the light.
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Figure 5. MV sensitivity of transparent testa (tt) and glabra (gl) mutants in light. No
sensitivity phenotypes were found against MV compared to wild-type control Ler. Root
lengths are presented as a percentage of control. The lack of asterisks indicates no significant
difference in mutants as compared to wild-type Ler. The experiment was repeated three
times.

In figure 5, gl2, gl3 and tt10 have show no phenotype against MV that is different from wildtype plants. No one had significantly shorter or longer root compared to Ler. This result
indicates that they do not have an altered sensitivity against MV-induced ROS.
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Figure 6. MV sensitivity of transparent testa (tt) mutants in light. Some sensitivity
phenotypes have been found, but they are not strongly significantly different against MV
compared to wild-type Col-0. Root length was presented as a percentage of control. The
asterisks indicate the significant difference in mutants as compared to wild-type Col-0 and
the lack of asterisks indicates no significant difference. (** p=0.00827; * p=0.04569). The
experiment was repeated three times.

In figure 6, tt18-5, tt19-8, and tt2-5 all show a wild-type phenotype. The tt16-4 and ttg1-21
mutants were sensitive against MV compared to wild-type Col-0, but only at the level of
p>0.05.
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4.2 MV sensitivity of late flavonoid biosynthetic pathway mutants
The purpose of using biosynthetic pathway mutants was trying to identify the end product
and nature of the molecule having the effect in protection against MV-induced ROS.
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Figure 7. MV sensitivity of late flavonoid biosynthetic pathway mutants. Pap1D has
shown a non-significant trend towards tolerance against MV compared to the wild-type.Col0. The lack of asterisks indicates no significant difference in mutants as compared to wildtype Col-0. The experiment was repeated three times.

In figures 7 and 8, only a non-significant trend towards tolerance was seen in pap1-D, which
is known as an anthocyanin over-accumulator. We conclude that anthocyanin pigments,
which are a sub-class of the flavonoids, are either not necessary or have only a minor role
against MV-induced ROS damage. Also, we conclude that the molecular species downstream
of 3RT, OMT1, and 3GT, are not required against MV-induced ROS damage.
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Figure 8. MV sensitivity of an additional late flavonoid biosynthetic pathway mutant.
No sensitivity phenotype has been found compared to the wild-type. The lack of asterisks
indicates no significant difference in mutant as compared to wild-type Col-0. The experiment
was repeated three times.

4.3 MV sensitivity of ABC type and MATE type transporters.
The presence of flavonoids in mitochondria and chloroplasts is still controversial, to identify
potential chloroplastic and mitochondrial transporters, knockout mutants of candidate MATE
and ABC transporters known to be located in these organelles have been screened for MV
sensitivity. This purpose of this experiment was to identify MATE and ABC type transporters
that are potentially involved in chloroplast and mitochondria and thus address the possibility
of flavonoid transport into these organelles.
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Figure 9. MV Sensitivity of ABC and MATE type transporters: Set 1. Sensitivity against
MV was seen in At1g54350, which is a chloroplast MATE type transporter. The asterisks
indicate a significant difference in mutants as compared to wild-type Col-0 and the lack of
asterisks indicates no significant difference (*** p=0.00084). The experiment was repeated
three times.
In figure 9, only At1g54350 shows significant sensitivity against MV-induced ROS and other
mutants show a wild-type phenotype. We conclude that some molecule required to protect the
chloroplast is likely transported by At1g54350 in chloroplast.
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Figure 10. MV Sensitivity of ABC and MATE type transporters: Set 2. At1g17260
(aha10-6) showed tolerance against MV but only at the level of p>0.05 and other mutants
have shown wild-type phenotype compared to Col-0. An asterisk indicates a significant
difference (* p=0.01799) in mutants as compared to wild-type Col-0 and the lack of asterisks
indicates no significant difference. The experiment was repeated three times.
In figure 10 and 11, only the aha10-6 mutant shows tolerance, so we can say that the wild
type activity of this gene negatively regulates the tolerance against MV-induced ROS. Other
transporters here represent a wild type phenotype.
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Figure 11. MV Sensitivity of ABC and MATE type transporters: Set 3. No phenotypes
have been found in mutants compared to wild-type Col-0. The lack of asterisks indicates no
significant difference in mutants as compared to wild-type Col-0. The experiment was
repeated three times.

4.4 MV sensitivity of Col-0 with the artificial auxin, NAA
Flavonoids are known to inhibit auxin transport, which may have indirect effect for the ROS
sensitivity of Arabidopsis transparent testa (tt) mutants. To study the role of auxin signalling
in MV-induced ROS sensitivity, Arabidopsis wild-type Col-0 seedlings were tested using
exogenous treatment of artificial auxin (1-naphthaleneacetic acid, NAA) and an auxin
transport inhibitor (1-N-naphthylphthalamic acid, NPA) during MV stress. Arabidopsis Col-0
wild-type seedlings were transferred to 0.5x MS medium containing 0.1 µM MV. Synthetic
auxin (NAA) had no significant effect on MV sensitivity in wild-type Col-0, but there was a
trend in the data towards enhanced sensitivity that was not statistically significant (Figure
12).
24

Length (% of control)

30

25

20

MV/MS
MV+NAA/NAA

15

10

MV/MS∗100

Col-0

MV+NAA/NAA ∗100

Figure 12. MV sensitivity of Arabidopsis (Col-0) with NAA. MV induced growth response
of Col-0 with artificial auxin (NAA). NAA had no significant effect. Synthetic auxin
treatment had no significant effect in this assay; however, there was a trend in the data
towards enhanced sensitivity that was not statistically significant. Root length was presented
as a percentage of control. The lack of asterisks indicates no significant difference in mutants
as compared to wild-type Col-0 (p= 0.7427085).

4.5 MV sensitivity of Col-0 with the auxin transport inhibitor, NPA
To further investigate the possible role of auxin and the inhibition of auxin transport during
MV-induced ROS formation, Arabidopsis Col-0 plants were transferred to 0.5x MS medium
containing 0.1 µM MV and 5 µM NPA. In this study, we have seen a protective effect of the
auxin transport inhibitor (NPA) against MV-induced ROS formation and thus mimics a
known activity of flavonoids (Figure 13).
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Figure 13. MV Sensitivity of Arabidopsis (Col-0) with NPA. MV induced growth response
of Col-0 was measured with the auxin transport inhibitor, NPA. Comparison between MV
and NPA shows an inhibition. NPA protected seedlings against the inhibition of root growth
by ROS formation induced by MV treatment. Root length was presented as a percentage of
control. The asterisks indicate significant difference in mutants as compared to wild-type
Col-0 (*** p=0).

4.6 MV sensitivity of Ler and tt4 with the auxin transport inhibitor, NPA
To further understand whether the auxin or if the inhibition of auxin transport has a role in
protecting against MV-induced ROS formation. MV induced inhibition of root growth was
measured with NPA for wild-type Ler and the tt4 mutant. The tt4 mutant is a known
flavonoid deficient mutant. NPA treated tt4 is not significantly different from wild-type Ler.
NPA can significantly protect wild type Ler, but not the tt4 mutant. It did not complement
the tt4 mutant. The absence of flavonoids in the tt4 mutant could not be compensated for the
presence of NPA in this experiment (Figure 14). Notably, the sensitivity phenotype
previously seen in the tt4 mutant (Figure 3) was not seen in this experiment.
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Figure 14. MV sensitivity of Ler and tt4 with the auxin transport inhibitor, NPA. In the
presence of NPA the root length of the wild-type Ler is significantly longer. Therefore,
protection has been seen with NPA. NPA treated Ler was less sensitive against MV
compared to the plant exposed to MV without NPA. NPA treated tt4 was not significantly
different from MV treated wild-type Ler and also MV treated tt4. NPA induced more
protection only in Ler that is significantly different compared to wild-type Ler, MV treated
tt4, and NPA treated tt4. The significance is noted by the letters above the bars with different
letters. ‘a’ is significantly different (*** p=0).
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5 Discussion:
A few transparent testa (tt) mutants, which are deficient in flavonoids and other related
molecular species, have been previously found to be hypersensitive to ROS producing agent
MV (Cui and Overmyer, unpublished result). This offered the opportunity of testing the MV
sensitivity of an extensive collection of tt mutants and other biosynthetic mutants in this
study. Arabidopsis tt mutants were utilized to demonstrate the role of flavonoids and related
molecular species have during MV-induced ROS formation. Most of the Arabidopsis
transparent testa (tt) mutants are expected to show higher sensitivity to MV compared to
wild-type (Xu, Mahmood et al. 2017). However, in our study, some displayed sensitivity
phenotype against MV and others have been shown phenotype like the wild-type.
The tt1, tt3, tt4, tt5, tt16-4 and ttg1-21 mutants were shown in this study to be more sensitive
compared to wild type plants and the other tt mutants used here. The dose of MV used in our
study was 0.1 µM, which is moderate. But MV response is light dependent and the high level
of root growth seen in all our results suggests that our treatment may have been to hard. A
further experiment with a lower concentration of MV or lower light levels would be
necessary. This may change some of the results seen here.
As we already knew that, flavonoids deficient tt mutants are more sensitive to MV and
according to (Buer and Djordjevic 2009) and the tt1, tt2, tt8 and ttg2 affect the flavonoid
accumulation pattern in the arabidopsis root. The tt2 mutant is also a part of the transcription
factor complex that might be informative. However, the tt1 and tt2 are expected to show the
similar result and we also have germination problem in our experiment because of very old
seed. Thus, we have excluded tt2 from this study.
Our results suggested the transparent testa glabra (ttg) mutants were not required for the
response to MV-induced ROS. These are part of the transcription factor ternary complex,
which may help in dissecting the regulation of the branch of the flavonoid biosynthesis
pathway that is responsible for protection against MV-induced ROS. We have included ttg121 and ttg2-5 in this study. We found that the ttg1 mutant is sensitive against MV compared
to wild-type (p=0.00827). The sensitivity of the tt16-4 mutant and the ttg1-21 mutant seems
quite similar against 0.1 µM MV compared to wild-type Col-0 (figure 6).
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The tt4 and tt5 mutants were involved in the early flavonoid biosynthetic pathway. The
flavonoid deficient tt4 mutant displays a shootward and rootward auxin transport and delayed
root gravitropism (Buer and Muday 2004). No flavonoids should be present in tt4. The tt3
genes are affected in DFR (dihydroxflavonol reductase) in the biosynthetic pathway and
according to (Buer, Kordbacheh et al. 2013) tt3 root tips accumulate kaempferol and
quercetin. In our experiment, we have seen that tt4 is slightly more sensitive to MV than tt3
and both of them are significantly sensitive to MV-induced ROS, as compared to wild-type
Ler (figure 3).
The tt5 lesion in the CHI gene is also expected to be sensitive against MV. In our result, the
MV sensitivity of tt5 is significantly higher compared to wild-type (figure 3). However, MV
sensitivity of the tt6 mutant was not significantly changed compared to wild-type (figure 3).
A similar pattern was visible in the gl2, gl3 and tt10 mutants, their phenotype looked like
wild-type (figure 6).
The tt7 mutant, that is defective in quercetin has shown reduced auxin transport and also
changes in their root architecture (Buer and Djordjevic 2009). So MV sensitivity of the tt7
mutant was interesting to see. I have done one repeat of the experiment and there was lack of
germination in many of them that’s why we excluded it from this study.

Late flavonoid biosynthetic mutants provide information about the nature of the molecule
responsible for protection against MV-induced ROS. They are much lower in the
biosynthesis pathway (decorating the flavonoids) and they tell us what molecules are
responsible for having the effect. The pap1-D mutant is an over-accumulator of anthocyanins
that has shown a non-significant trend toward tolerance against MV, compared to wild-type
(Figure 7). Other biosynthetic mutants, for example, 3rt and omt1 (figure 7) and 3gt (figure 8)
have shown no sensitivity phenotype either compared to wild-type against MV.

From these findings, we can conclude that anthocyanins might help to a small extent
arabidopsis against ROS generating agents, such as MV. This result was also supported by
(Xu, Mahmood et al. 2017), where the pap1D mutant has shown lower ROS accumulation
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compared to wild-type because of flavonoids (anthocyanin) and their higher radical
scavenging activity. However, this paper (Xu, Mahmood et al. 2017) only looks at MVresponse in the light and suggests that the light filtering abilities of anthocyanin pigments
result in reduced light reaching the chloroplasts. Lowering light levels would decrease MVinduced ROS in the chloroplast. In Figure 4, MV response in the dark where tested showing
that tt mutants also showed increased sensitivity to MV-induced ROS in the dark, when MV
induces ROS in the mitochondria (Cui, Brosche et al. 2018) in a process that is not dependent
on light levels. Also, the lack of a strong tolerance phenotype with the pap1D mutant
suggests that anthocyanins only have a minor effect in the protection against MV-induced
ROS. These results together give evidence supporting the antioxidant role of flavonoids
(antioxidant theory), or flavonoids as modulators of auxin response (auxin theory), rather
than their light filtering role.

Sometimes the inability to germinate is also can be a phenotype if the mutant lines are
extremely sensitive. In our experiments, we have occasionally had problems with
germination. We assume that was because of seed age. Some lines were extremely sensitive
but we are not certain about that result, due to the possibility of germination problems. This
could be addressed in the future using lower concentrations of MV in the assay. Also, it may
be possible to germinate seeds on control plates and then transfer the germinated seedlings to
MV-containing plates and measure root growth that happens after the transfer.
Another goal of this study was to identify the candidate MATE and ABC type transporters
that are potentially involved in transporting flavonoids into chloroplast and mitochondria.
The first approach was screening the knockout mutant of the candidate MATE and ABC
transporter for MV sensitivity. Root growth phenotypes of the candidate MATE and ABC
type transporters were really clear on MV containing plates. Among the ABC and MATE
transporter mutants, if protectant flavonoids or related compounds were not being transported
into the right place, a susceptibility phenotype should be seen.
There were no phenotypes in most of the transporter mutants; they had no effect on the MVresponse and looked like wild-type. Since flavonoid transport is expected to be done by only
one or a few transporters, this result is expected. Importantly, At1g54350 a chloroplast
MATE type transporter exhibited significant susceptibility against MV compared to wild30

type in our study. This result could be described as this mutant giving a mimic of the
sensitivity phenotype seen in tt mutants (figure 9). This supports the chloroplast antioxidant
theory. This mutant can now be tested and used as a genetic tool to help further test the role
of flavonoids in the chloroplast.
The aha10-6 mutant, also known as the tt13 mutant, is a vacuolar proton transporter that is
required for flavonoid transport into the vacuole. This mutant showed a weakly significant
result of enhanced tolerance to MV-induced ROS (Figure 10). AHA10 is required to develop
a proton gradient at the vacuole membrane. This proton gradient powers TRASPARENT
TESTA12, which is a proton antiporter responsible for the movement of anthocyanin
precursors from the cytosol to the vacuole. Knocking out TRASPARENT TESTA12 may a
result in the increase in anthocyanin in the cytosol, where they might have antioxidant effects.
Also, higher concentrations in the cytosols might increase their transport into other
compartments. This result can be interpreted as support for an antioxidant role of flavonoids
(antioxidant theory).
Our aim was to find a transporter that was transporting flavonoids into the chloroplast where
they can act as an antioxidant. When we knocked out a chloroplast MATE type transporter,
At1g54350, then flavonoids might be excluded from the chloroplast causing the
susceptibility. Having this phenotype suggests that this transporter might be involved in
moving flavonoids but it doesn’t prove it. This transporter might be involved in moving any
other compounds rather than flavonoids. Further work with this mutant could isolate
chloroplasts from wild-type and mutant plants and then measure and compare their flavonoid
amounts. This would help to prove the role of flavonoids and the ability of At1g54350 to
move them.

Flavonoids might be moved in the chloroplast by a transporter. It’s also possible that
flavonoids are present in the chloroplast if there was a biosynthetic enzyme in the chloroplast
converting other compounds into flavonoids. So they are generated directly in the chloroplast
not transported in or out. Precursor molecule may be transported and flavonoids were
generated in the chloroplast and further experiment needs to be done to test this possibility.
Our results suggested that flavonoid could be moved into the chloroplast to act as an
antioxidant by At1g54350 that makes it a candidate for further testing.
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Flavonoids can act both as antioxidants and inhibitors of auxin transport. First, we wanted to
test whether auxin or inhibitions of auxin transport have a role in protecting against MVinduced ROS formation. To identify the possibility of indirect effect through auxin; MV
responses were checked with exogenous treatment of artificial auxin (NAA) and auxin
transport inhibitor (NPA), to demonstrate the role of auxin in MV response.
Indole-3-acetic acid (IAA) and 1-naphthaleneacetic acid (NAA) are both auxins with similar
effects on plants. IAA is a natural auxin whereas NAA is synthetic auxin used as a herbicide,
which is more stable, longer-lived but still has the similar effect as IAA. Thus, NAA should
mimic higher IAA concentration because it is more stable. In this work, NAA was used
showing that it can protect very slightly, but not significantly, against MV stress (Figure 12).
To understand more about the role of auxin or the inhibition of auxin transport have in
protecting against MV-induced ROS formation, we have introduced the auxin transport
inhibitor n-1-naphthylphthalamic acid (NPA) during MV stress. In this experiment, we have
seen that NPA can induce more protection during MV-induced ROS formation (Figure 13).
NPA can mimic flavonoids, supporting the role of flavonoids as the inhibitors of auxin
transport. From this result, we have seen that NPA was mimicking flavonoids and protecting
the plant against ROS inducing agent MV in wild-type plants.
In this study, we have also measured MV-induced growth response with NPA for Ler and the
tt4 mutant. Ler was used as a control for the tt4 mutant (Figure 14), which is a flavonoid
deficient mutant. If flavonoids can act as an auxin transport inhibitor, then it may be possible
to rescue the effect of flavonoids with NPA, in a mutant where their biosynthesis is knocked
out. We took one of the most common tt mutants that is high up in the pathway. Therefore,
tt4 was suggested because it would allow us to see, whether it is possible to complement the
function of flavonoid with the auxin transport inhibitor (NPA).
If flavonoids were acting, as auxin transport inhibitors then there should be sensitivity
phenotype in the absences of flavonoids in the biosynthetic mutants. Unfortunately, there
were some problems with this experiment. MV sensitivity of Ler was seen and was visible as
expected in this experiment. But, we expected to see an even more sensitive phenotype in the
case of the tt4 mutant. Wild-type phenotype went in the right direction as expected (Figure
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14). The tt4 mutant has previously shown significantly more sensitivity against MV
compared to wild-type (Figure 3). We have also found that NPA induced more protection in
Ler. This result is also similar to our previous experiment done with Col-0 (Figure 13). The
result of the tt4 phenotype (Figure 14) suggested that NPA is complementing the lack of
flavonoids. There are non-significant trends in this experiment that suggest NPA may protect
tt4. So, NPA may be protecting and complementing the tt4 mutant. The absence of flavonoids
might be compensated for the presence of an auxin transport inhibitor. But, further studies are
needed to get over the problems with this experiment.
The strength of the MV treatment was so strong that we have a very sensitive phenotype in
wild-type Ler. Therefore, we couldn’t see a significant difference between genotypes (the tt4
and Ler) but only saw the trend. The concentration of MV used in our study was 0.1 µM.
Data were inconsistent internally as compared to figure 3; further replication of experiment is
required with lower MV concentration or lower light levels.
NPA treated plants had altered root architecture which matches the important role of auxin
transport for the gravitropic response. When auxin transport was blocked with NPA, plants
don’t know which way to grow up. This proved that NPA was working and doing what was
expected. It proves that the NPA is working perfectly, which was also supported by (Buer
and Djordjevic 2009).
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Conclusion:
From our study, we got evidence about the possible role of flavonoids and auxin in ROS
signalling. Flavonoids can act as effective antioxidant and have the ability to modulate in
vivo ROS level and thus protecting the plants against different forms of stress. It is still a
matter of debate whether this protection against ROS goes through the auxin signalling or
completely via flavonoid. The inhibition of auxin transport modulates MV sensitivity. The
auxin transport inhibitor (NPA) can protect wild type plants. One MATE transporter gave
mimics of the MV sensirtivity seen in tt mutants, we were not certain about the movement of
flavonoids in or out into the chloroplast. This transporter may be transporting other protective
agent that helps against oxidative stress. However, At1g54350 seems to be a good candidate
for further testing.
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