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Chapter 1. Introduction

Chapter 1

INTRODUCTION

1.1 Reactive oxygen species (ROS) in plantd production and

neutralization

About 2.7 billion years ago molecular oxygen was introduced to the environment by
O,-evolving photosynthetic organisms. Since then, gheduction of reactive oxygen
species (ROS), being a group of free radicals, reactive molecules and ions that are
derived from @, have been an unavoidable consequence of aerobic metabolism
(Halliwell, 2006)

It has been estimated that in plant tissues ab&u®d of G consumption leads to the
formation of ROS(Puntaruloet al. 1988) by various metabolic pathways that are
localized in different cellular compartments such as chloropléssada 2006),
mitochondria(Navrotet al. 2007)and peroxisome&lel Ro et al. 2006) Dependent on

their concentration, ROS are well known for playing a dual role in plant biology as
both, deleterious and beneficial spedieat et al. 2000;Neill et al.2002; Marutaet al.

2012) At low levels they are not toxic for the plants and act as secondary messengers in
a variety of cellular processes including groworemanet al. 2003) hormone
signalling (Yan et al. 2007; Jannaet al. 2011) developmen{P&ia-Ahumadaet al.
2006;Bahinet al. 2011)and responses to abiotic and biotic stress stifMuillineaux

and Karpinski,2002; Torreset al. 2002; Miller et al. 2008) However, various abiotic

and biotic environmental stresses lead to the enhanced ROStwad$harma and
Dubey,2007;GonzlesPérezet al. 2011; Maet al. 2012;Krasensky and Jonak, 2012)

If insufficiently antagonized, their accumulation can pose a threat to plant cells by
causing damage of cellular components, such as proteins, nucleic acids and lipids
(Halliwell, 2006; Moller et al. 2007) However, b prevent these destructive effects o
ROS plants haveevolvad a highly efficient antioxidant system, consisting of
antioxidant enzymes and low molecular weight antioxidgAtada, 1999; Foyer and
Noctor, 2003; del B et al.2006; Navrott al.2007)
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1.11 Types of ROS

Molecular oxygen (@) in its ground state is a harmless molecule having two unpaired
electrons with parallel spin. This spin restriction makes it relatively unreactive with
organic molecules, unless it is activatghdenas, 1989)The activation of @ may
occur in two diffeent ways absorption of sufficient amount of energy to reverse the
spin of one of the unpaired electrons or stepwise reduction by accepted el@&peins
and Hirt, 2004) The first mechanism leads to the formation of singlet oxydes) (
(KriegerLiszkay, 2005) while in the second one,@ sequentially reduced to,@ via
superoxide radical anio(Ozp), hydrogen peroxid¢H,O,) and hydroxyl radical (Oﬁl
(Halliwell, 1977;Klotz, 2002; Apel and Hirt, 2004).

1.11.1 Singlet oxygert@®,)

In the light,*O, is produced via triplet chlorophyll formation in the antenna system and
in the reaction centre gfhotosystem II. This triplet state of chlorophigl able to
transfer the excitation energy to the ground state of molecular oxygen,ngsnlthe
formation of highly destructive singlet oxygéGorman and Rodgers, 199Rrieger
Liszkay, 2005)

0, directly oxidizes most of the biological molecules (proteins, unsaturated fatty acids
and DNA)(Wagneret al.2004) causes modifications of nlecc acids through selective
reaction with deoxyguanosin@asai, 1997)and is thought to be responsible for
light-inducedloss of photosystem Il activity ancell death (KriegerLiszkay et al.
2008) To prevent these destructive effectents haveevolved a set of lowmolecular
wei ght anti-oart da atiosophemidabldéio guencd, (Telfer, 2002;
Trebst, 200p

1.1.1.2 Superoxide radicaﬂnion(ozzﬁ

Superoxide radical aniorOéﬁ) is the primary reactive oxygen speciesmed in the
stepwise reduction of molecular oxygegidalliwell, 1977; Klotz, 2002) It is
a moderately reactive ROS with shortifme (halftime of approximately 2 ps) and
both, oxidizing and reducing properti@dalliwell, 1977; Fridovich, 1988§). It oxidizes
enzymes containing [4FHS] clusters(iImlay, 2003), reduces cytochrome c (Imlay,

2003) and triggers the formation of more reactive ROS, such as hydroxyl radical
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(via HaberWeissand Fentorreactiors) and snglet oxygen(Haber and Weiss, 1932;
Fridovich, 198@; Halliwell, 2006) Moreover,OZAis able to accept one electron and two
protons resulting in the formation of ,€,. The reatton takes place either
spontaneously or is catalyzed by superoxide dismutase (§BiRjovich, 1986;
Asada, 1999Halliwell, 2006)

1.11.3 Hydrogen peroxidgH,0,)

The univalent reduction (IDZAresuIts in production of hydrogen peroxi@d#0,). It is

a moderately reactivROS havinga relatively long haHife (approx. 1 ms)Halliwell,
1977; Halliwell, 2006) In plant cells the main sources 0f®4 are electron transport
chamof chl or opl ast soxidatiod of faitytacmds énd phdtoras@rationb
(Asada, 1999Braidot et al. 1999; Dat et al. 2000; Foyer and Noctor, 2000; Wingler
et al. 2000, Moller, 2001) Producedby them HO, has dual role depending on its
concentration. Thus, at low concentrationsacts as aignal molecule involved in
acdimatory signalling triggering tolerance to various biotic and abiotic strésksak

et al. 2002; Torreset al. 2002; AvsianKretchmeret al. 2004; Maruta et al. 2012)
whereas at higér ones oxidizes sulphurcontaining amino acids cyskeine and
methioning, enzymes ofCalvin cycle and swgroxide dismutases (Cu/Z30Ds,
Fe-SOD)leadng to programmed cell deailiKristenseret al.2004;Groenet al.2005).

1.11.4 Hydroxylradical (Ol—ﬁ

Both, O/ and HO, are ony moderately reactive. Howevem the presence of
trarsitional metals (especially Fe) they can be condette more reactive hydroxyl
radical (Ol-f) (Haber and Weiss, 1932; Rigbal.1977 Mori and Schroeder, 20p4

oH"is the most reactive among all RGfaving a single unpaired electron. It interacts
with all biological molecules and causes subsequent cellular damages, such as lipid
peroxidation (Schopfer, 2001; Bailly, 2004 In plant cells there is no enzymatic
mechanism for the elimination of this hig reactive ROSthereforeexcess production

of OHAuItimater leads to cell deafPintoet al.2003)
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1.12 Sources of ROS

Because of the aerobic metabolism anelsence opolyunsaturated fatty acids (PUFA)

in the chloroplast membrane, photosynthetic plants are especially at risk of oxidative
damage. In their cells, ROS are continuously produced under both, stressful and
nonstressful conditions at several ldoass in mitochondria, chloroplasts, plasma
membrane, peroxisomes, apoplast, endoplasmic reticulum and cel(Asdlda, 2006;

del Rio et al. 2006; Navrotet al. 2007; Gill and Tuteja, 2030In the light, chloroplasts

and peroxisomes are the main sourt®0S (Foyer and Noctor, 2003; Asada, 2006)

while in the darkness the mostROS is produced in mitochondria (Moller, 2001)

1.12.1 Chloroplasts

Photosynthesis, which takes place in chloroplasts, is the predominant source of ROS in
plants in light(Asada, 1994; Foyer and Noctor, 200B)is estimated that approximately

30 % of the electrons transferred through the photosynthetic electron transport chain can
flow into ROS metabolisniMiyake et al. 1991)

The main sites of ROS production in chloroptaste photosystems | (PSI) and Il (PSII)

of the chloroplast electron transport chain (ET@sadh, 1994 Navartlzzo et al.

1999) Production of ROS by these sources is enhanced by comditioiting CO;
fixation, such as drought, salt, heat and high light stresses. Under such stressful
conditions, electrons in the chloroplast ETC are not transferred, as undstressiul
conditions, from the excited photosystems to NADPading to its reduction to
NADPH, but there is a leakage of electrons from ETC for€sulting in reduction of

O to OZA(MehIer, 1951) There are several sites in the chloroplast ETC, from which
such leakage of the electrons may occur, namely ferredoxian@® @ at the acceptor

sites of PSIl and [4FdS] clusters in PS(Takahashi and Asada, 1988; Cleland and
Grace, 1999) Moreover, limited electron transport under high excitation pressure,
supports also the formation of singlet oxygen from triplet chlorophyll and pheophytin
(Anderonet al.1992; KriegeflLiszkay, 2005)

The reduction of @to OZAin chloroplast is a rate limiting step in ROS formation.
However, once formed)zg\can be used for generation of more reactive ROS, such as
H,0O, and oH? H,O, is producedfrom OZA spontaneoudg or in enzymatic reactian

catalyzed bychloroplast superoxide dismutas@ssada, 1999; Foyer and Shigeoka,
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2011) while the transformation (EDZAto OHAthrough Fenton reaction i**-dependent
and takes place at [4HS] clusters of PSHaber and Weiss, 1932; Asada, 1994

1.12.2 Mitochondria

In plant mitochondriaDZAis generated at several sites of respiratory electron transport
chain, includingthe flavoprotein region at the matrix site of NADH dehydrogenase
(Complex 1) and thasbiquinonecytochrome region of cytochrome jbgComplex Il1)
(Turrens, 1997; Murphy, 2009; Moller, 2001\)10reover,0250an be also produced by
several enzymes present in the mitochondrial matrix, such as aconitasgaadt@ne
o-lactone dehydrogenag®loller, 2001; Andreye\et al. 2005; Rasmussoet al. 2008).
Generated by these souro@gA is the primary ROS, which is further converted by
Mn-SOD to hydrogen peroxide or iRenton reaction to extremely active hydroxyl
radical(Haber and Weiss, 1933candalios, 1993; Rhoadsal.2006)

1.12.3 Peroxisomes

As a result of their essential oxidative metabolism, peroxisomes are the major sites of
intracellular HO, production (del Ro et al. 2006) ROS are generated in these
organellesmaily dur i ng p h ot o r-axidagon rofafatty acis. Bha chainb
enzymes involved in these processes are: localized in the peroxisome matrix xanthine
oxidase (XOD)and two enzymes of themall electron transport chain located in the
peroxisomal membran&avoprotein NADH and cytochrome ¢Sandalioanddel Riq

1988; del Ro et al. 1998; del Ro et al.2006).

1.2.2.4 Other sources of ROS generation in plants

Other important sources of ROS production in plants that have received less attention
are plasma mmabranes, apoplast and cell walls. In plasma membrﬁnégeneration is
attributed to the action of at least two enzymes, an NADPH oxidase and, in the presence
of menadione, a quinone reductase (Heghal. 2011) In the apoplast, the celkvall-
associated oxalate oxidase and amine oxileseenzymes have been proposed as

a source of B, (Wojtaszek, 1997; Lane, 200Both of these apoplastic enzymes may
contribute to defence responses occurring iragi@plast following biotic stress, mainly
through HO, production(Conaet al. 2006) Also cellwall-peroxidases are regarded as
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active sites of kD, generation(Gross, 1977; Kimet al. 2010) Among them,
horseradish peroxidase catalyzes the formation,Qf, kth the presence of NADH and
diamine oxidases produce ROS using diamine or polyamines to reduce quinone that
autooxidizes to form peroxidéElstner and Heupel, 1976)

1.13 Role of ROS in redox signalling

The patrticipation of ROS in the redox signadjirequires equilibrium between ROS
production and scavengir{®loctor and Foyer; 1998 oyer and Noctor2003; Mittler

et al. 2004 Gill and Tuteja, 2010 The homeostasis is controlled by highly efficient
antioxidant system, which, by detoxification ofOR excess, maintains the ROS
concentration at low level§Asada, 1999; Mittleret al. 2004; del Ro et al. 2006,
Moller, 2007) When accumulated in low amounts, ROS function as secondary
messengers in intracellular signalling cascades that mediate sesgahses of plant
cells, such as stomatal closuf®an et al. 2007; Zhanget al. 2011; Puli and
Raghavendra; 2012programmed cell deat{Bethke and Jones, 2001; Kadoebal.
2010; Vannini et al. 2012, gravitropism(Joo et al. 2001; Cloreet al. 2008) and
acquisition of tolerance to both, biotic and abiotic stre¢feseset al. 2002; Miller

et al. 2008; Alboresiet al.2011) The role of ROS in the generation of stress tolerance
was shown for tomato in response to woundi@gozcoCérdenaset al. 2001; Chang

et al. 2004) and in Arabidopsis thalianasubjected to osmotic, cold or drought stress
(Xiong et al. 2002; Gdmeset al. 2011 Suzukiet al. 2012. Wounding led to the
ROSdependent activation of defence genes in mesophyll @ttszcoCardenaset al.
2001) osmotic stress resulted in the-rggulation of DREB2A transcription factor
(Desikanet al. 2001) and the combination of both, osmotic and cold stress, induced

mitogenactivatedproteinkinase 6 (MAPK6) Yuasaet al.2001)

1.14 Overproduction of ROS under stressful conditiomsid oxidative damage to

molecules

Under normal, notstressful growth conditions ROS are generated in plants only in low
amounts asby-products of several metabolic processes including photosynthesis,
photorespiration and respirati¢Asada, 2006; del R et al. 2006; Navrotet al. 2007)
However, in response to various environmental stresses (e.g. drought, cold, heat, high

light, UV-B stress) the production of ROS drastically increg&fsarma and Dubey,
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2007; GonZlesPérez et al. 2011; Maet al. 2012; Krasensky and Jonak, 201R).
insufficiently antagonized, they can cause damage of cellular components, such as

proteins, nucleic acids and lipidgloller et al.2007).

1.14.1 Proteins

In plant cells there are many proteins which undergo oxidation and subsequent
inactivation by ROS (Moller et al. 2007) Among them, the ost susceptible are
complexes I(NADH dehydrogenaseand V (ATP synthase) of the mitochondrial
electron transport chaifSweetloveet al. 2002; Tayloret al. 2004) RuBisCO(Luo

et al. 2002;Nakanoet al. 2006, mitochondrial MRSOD (Moller and Kristensen, 2006)

and chlorofast ascorbate peroxidases (sA&Xd tARX) (Shigeokeet al. 2002; Miyake

et al. 2006) The attack of ROS on these proteins causes many modifications in their
structure and physicgbroperties, including sitepecific amino acids modifications
(e.g. nitrosyléion, carbonylation, disulphidéond formation), fragmentation of the
peptide chain, alternation of electric charge and increased susceptibility to proteolysis
(Moller et al.2007)

The most susceptible sites for damage by ROS in proteins aret$}Fdusters and
sulphurcontainingamino acids (Moller et al. 2007) The oxidation of irorsulphur
centres b)O[AiS irreversible and leads to the enzyme inactivation, while the oxidation
of methionine to methionine sulfoxide and cysteinsulbenic ion, disulfide or sulfonic

ion can be reversed using thioredoxin glutathione as electron dondiGhezziet al.

2003.

1.14.2 Lipids

Besides proteins, also lipids are susceptible for oxidation by ROS. The reaction takes
place in both, cellular and organellar membranes and results in the production of lipid
peroxidegMoller et al.2007)

The most sensitive for attadky ROS in membrane phospholipids are the unsaturated
(double) bond between two carbon atoms and the ester linkage between glycerol and the
fatty acid (Moller et al. 2007; Gill and Tuteja, 2010)he products generated during
peroxidation of these phosphalils, especially malondialdehyde (MDA), are highly

reactive, bind to the membrane proteins leading to their degradation and subsequent
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damage of membrané8yidogan and @, 2007; Panet al.2006; Agarwal2007; Moller
et al.2007).

1.14.3 DNA

Also nucleay mitochondrial and chloroplastic DNAs can be modified by ROS in many
different ways, including deoxyribose oxidation, strand breakage, removal of
nucleotides, changes in the organic bases of nucleotides and formation gfrDté/A
crosslinks(Imlay and Llinn, 1988; Oleinicket al. 1987; Tutejaet al. 2001; Gill and

Tuteja, 2010) Si nce DNA i s c el dedirsctivg @hangaesan resulmat er i
in malfunction or complete inactivation tife encoded bthis DNA protein(Halliwell,

2006) Damages of DA by ROS, especially beHA are generally random and have

been observed for many genes, however no gene has been identified as being
particularly susceptible to ROS damdtyoller et al. 2007).

1.15 Antioxidant systeni ROS scavenging

To protect fromdamage of cellular components caused by ROS, plants evolvdg high
efficient antioxidant systencomprising of antioxidant enzymes and low molecular
weight antioxidants. Such systems are found in different cellular compartments, namely
cytosol, chloroplasts mitochondria and peroxisomefNoctor and Foyer, 1998;
Asada, 1999del Ro et al.2006; Navrotet al.2007; Gill and Tuteja, 20104l of them

are well coordinated and play a role in maintaining equilibrium between ROS
production and Gavenging under both, nestressful and stressful conditioffdoctor

and Foyer, 1998¥littler et al.2004; Almeselmanet al.2006; Ahmackt al.2010)

1.15.1 Enzymatic components of antioxidant system

The enzymatic antioxidative defence system includes several antioxidant enzymes,
namely superoxide dismutases (SOD), catalases (CAT), glutathione peroxidases
(GPXs), peroxiredoxins (PRXs), ascorbate peroxidases (APXs), monodehydroascorbate
reductases (MDHR), dehydroascorbate reductases (DHAR) and glutathione reductases
(GR). The enzymesare localized in different cellular compartments, whérey
neutralize RO$roduced in these sitéblittler et al. 2004; Asada, 1999; del iR et al.

2006; Navroet al.2007).
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Superoxide dismutase (SOD)

Superoxide dismutases (SOBC 1.15.1.1) are the enzymes constituting the first
line of defence against many environmental stimuli leading to the oxidative stress
(Scandalios, 1993)Their activity has been reported to increase in plants exposed to
various environmental stresses, such as salt taegsnskaet al. 2008; Nounjaret al.

2012) metal toxicity(Drazkiewiczet al. 2004 Hasanret al.2008 Shah and Nahakpam,
2012, droudnt stres{Sharma and Dubey, 200Zlatev et al. 2006;Regieret al. 2009)

and U\AB stresg/Agarwal, 2007) Sincethe increased activity of SODs in these plants
was often correlated with higher tolerance against environmental stresses, it is proposed
that SODs might be essential for the survival of plants subjected to various stressful
stimuli (Drazkiewiczet al.2004; Sharma and Dubey, 2005; Agarwal, 2007)

SODs belong to the group of metalloenzymes and catalyze the dismutatiqﬁtof 0]
H.O, and Q (Figure %1) (Fridovich, 1986). Based on the metal cofactors they are
classified into three types: coppanc SOD (Cu/ZrSOD), manganese SOD (M3OD)

and iron SOD (F&OD) (Bowler, 1992) All of these isoenzymes are nuclear encoded
and postranslationfly targeted to their respective subcellular compartmédsvler,

1992; Kliebensteirt al. 1998)

Figure 1-1. Reaction of superoxide dismutation catalyzed by superoxide dismutases (SODSs).

Genome ofArabidopsis thalianancodes several isoforms of SODs: three Ct82Ds
(CSD1, CSD2 and CSD3), three-B&D (FSD1, FSD2 and FSD3) and one-Bi@D
(MSD1) (Kliebensteinet al. 1998) They are localized in the cytosol (CSD1), plastids
(CSD2, FeSODs) mitochondria (MRSOD) and peroxisomes (CSD3), wheteey
form dimeric (Cu/ZrRSODs and F&ODs) @ tetrameric (MRSOD) complexes
(Bowler, 1992; Kliebensteiat al. 1998).

Chloroplast Cu/zfS5OD (CSD2) inA. thaliana is a nuclear encodedomodimer
composedf two identical 16kDa-subunits, each containing one atom of Cu and Zn

(Kitagawaet al. 1991) The immmunoblot analysesvealed that the most (70 %)
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this localized in the chloroplast stroma soluble protein is attached to the thylakoid

membranes cloge the PSI, being the major site@égeneratior(Ogawaet al.1995)

Catalase (CAT)

Catalase (CATEC 1.11.1.6) is an ubiquitous tetramericehacontaining enzyme with
potential to directly reduce J@, to H;O and Q without consumption of cellular
reducing equivalents (Figure2) (McClung, 1997)

CAT

2 H202 j 2 HZO

O,
Figure 1-2. Reaction of hydrogen peroxidel,O,) catalyzed by catalase (CAT).

Among all HO,-reducing enzymes, ihas one of the highest turnover rates (one
molecule of CAT can reduce approx. six million 0G4 per minute) and relatively
high specificity for HO,, but weak against organic peroxides (e.g. lipid peroxides)
(Mhamdiet al. 2012) Moreover, it was showrhat environmental stresses cause either
enhancement or depletion of its activity, dependent onyfhe intensity and duration

of the stress. Thus, decreased activity of CAT was observed under cadmium stress in
A. thaliana(Cho and Seo, 2009nd Glycine max(Balestrasset al. 2001) while in
response to drought stress in wheat thiévigc of this enzyme increased (Simoeva
Stoilovaet al.2010).

In Arabidopsis thalianahe catalase mulgene family includes three genes encoding
individual suburtis which associate to form at least six isozymAaH. of these
isoenzymes are localized to peroxisomes, whieeg scavenge kD, generated during
phot orespir at @xdation ook ifaty aacidso angd pufine metabolism
(McClung, 1997)

Enzymes ohscorbateglutathione cyclédAsA-GSH cycle)

In plant cells the ascorbatgutathione cycle (Figure-), also referred to as Halliwell
FoyerAsada cycle, is present in the cytodddhikawa et al. 1996) chloroplasts
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(Asada, 1999; Madhusudha al. 2003) mitochondria(Jimenezet al. 1997; Teixeira

et al. 2006)and peroxisomeglimenezet al. 1997) It involves successive reduction of
H.O,, as well as oxidation and subsequent reduction of AsA, GSH and NADPH. The
reduction of HO, to H,O andO; is catalyzed by ascorbate peroxidases (APXs), using
ascorbate (AsA) as an electron donor. Generated in this reaction oxidized form of
ascorbate, monodehydroascorbatdical (MDHA), spontaneously disproportionates to
ascorbate and dehydroascorbate (DHWA)is reduced to ascorbate by the NAD(P)H
dependent monodehydroascorbate reductase (MDHAR). DHA is then reduced to AsA
by dehydroascorbate reductase (DHAR) using glutathione (GSH) as an electron donor.
The reaction results in the GSSG formation, whichhisn regenerated to GSH by
NAD(P)H-dependent glutathione reductase (GRnenezet al. 1997; Asada, 1999;
Foyer and Shigeoka, 2011)

DHA

+
H.O MDHA NADP ~ GSSG NADP
A

AsA NADPH
GSH NADPH

Figure 1-3. Ascorbateglutathione cycle (HalliwelFoyerAsada cycle) in plant cells. Ascate
peroxidases (APXsgatalyzethe reduction of KD, to H,O and Q at the expense of ascorbate (AsA),
oxidizing it to monodehydroascorbatedical (MDHA) anddehydroascorbate (DHA). AsA is regenerated
from MDHA and DHA in the reaction catalyzed by NADRi¢pendent monodehydroasbate reductase
(MDHAR) and dehydroascorbate reductase (DHAR), respectively. DHAR reduces DHA to AsA at the
expense of glutathione (GSH), oxidizing it to GSSG. GSH is regenerated from GSSG by

NADPH-dependent glutathione reductase jGRhe scheme was drawn according to Asada (1999).

Ascorbate peroxidases (APXs, EC 1.1.11.1) are the central components @ 3%$A
cycle and playan essential role in the control of intracellular ROS levels. They are
haembinding enzymes that use ammolecules of AsA to reduce.8, to water with

concomitant generation of two MDHA molecul@¥elinderet al. 1992; Asada, 1999)
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In Arabidopsis thalianaAPX family consist of five different isoforms, including
cytosolic APX1 APX2 and APX6 (Santoset al. 1996; Panchuk et al. 2002)
microsomalAPX3, APX4 and APX5(Jesperseret al. 1997; Panchulet al. 2002;
Narendraet al. 2006) and chloroplast sAPX (soluble stromal APX) and tAPX
(thylakoidbound APX)(Jespersemt al. 1997; Kieselbaclet al. 2000) The chbroplast
SAPX and tAPX are respectively 33 kDa and 38 dpateins, each encoded by single
nuclear gene sAPx and tAPX and postranslationally targeted to chloroplasts
(Jespersent al. 1997;Asada, 1999Kieselbachet al.2000).The activity of both, SAPX

and tAPX was shown to be responsive to environmental stresses, such as drought stress
(Sharma and Dubey, 2005; Secasijial. 2010)and photooxidative stre¢¥abutaet al.

2002; Maruteet al.2010) Moreover, the overexpressiofgene encoding tAPXAPX

in A. thalianaor tobacco resulted in enhanced tolerance to oxidative qtredsita

et al. 2002; Murgiaet al. 2004) However, inconsistent with the role of chloroplast
APXs in photooxidative stress tolerandeey are known to be inactivated by®j if
ascorbate is present at low levEékhigeokeet al. 2002; Miyakeet al.2006)

In the reaction -catalyzed by ascorbate peroxidases AsA is oxidized to
monodehydroascorbate radical (MDHA). AsA is regenerated from MDbly
monodehydroascorbate reductase (MDHAR, EC 1.6.5.4), wisica flavin adenin
dinucleotide enzyme (Miyake et al. 1998) using NAD(P)H as an electron donor
(Hossain and Asada, 1984; Asada, 1999)e activity of MDHAR is widespread in
plants. The MDHAR isoenzymes are present in several cellular compartments, such as
cytosol (Dalton et al. 1993) chloroplasts(Hossain and Asada, 1984; Asada, 1999)
mitochondria(Jimenezet al. 1997) and peroxisome (Jimenezet al. 1997; Leterrier

et al. 2005) The chloroplastic one is a soluble, stromakB&-protein, which, similar

to CSD2, localizes near to the thylakoid membrgiEssain and Asada, 1984; Asada,
1999) It is proposed that this isogmae might have two physiological functions: the
regeneration of AsA from MDHA and mediation of @hotoreduction t®," when the
substrate MDHA is abse(Miyake et al. 1998)

Beside reduction to AsA catalyzed by MDHAR, MDHA can spontaneously
disproportonate to dehydroascorbate. AsA is regenerated from DHA by
dehydroascorbate reductase (DHAR, EC 1.8.5.1) using glutathione (GSH) as
an electron donofHossain and Asada, 1984; Asada, 1999HAR is a monomeric

23 kDathiol enzyme abundantly found in dry seeds, roots as well as in etiolated and
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green shootgHossain and Asada, 1984; Trumpedr al. 1994) So far, it has been
purified from chloroplasts of spinach leaéssain and Asada, 1984; Shimaekaal.

2000) and potato tuberDipierro and Borraccino, 1991Yhe activity of this enzyme

was shown to be enhanced in response to several environmental stresses, namely
drought(Sharma and Dubey, 20Q5netal toxicity(Sharma and Dubey, 2007; Pandey

et al.2009)ard chilling (Fryeret al. 1998). Moreover, the overexpressionAfthaliana

gene encoding DHAR iN. tabacunrevealed that this enzyme is able to enhance plant
tolerance against various environmental stimuli, such as drought, high salinity and
ozone(Ushimaruet al.2006; Eltayeket al.2007)

Generated in the reaction catalyzed by DHAR oxidized glutathione (GSSG) is reduced
to glutathione (GSH) by glutathione reductase (GR, EC 1.6(A3da, 1999; Foyer

and Shigeoka, 20115Ris an NAD(P)Hdependenenzyme belongingo the goup of
flavoenzymes and containingdasulfide group, which isessential in GSH reduction
(Ghisla and Massey, 1989; Steveet al. 1997) In plant cells it is localized to
chloroplast, cytosol, mitochondria and peroxisomes, however approximately 80 % of
GR activity in photosynthetic tissues is accounted for chloroplastic isdfiedwards

et al. 1990) The enzyme plays a crucial role intekenining the tolerance of plants to
many environmental stresses, such as dro(§harma and Dubey, 2008nhd metal
toxicity (Pandeyet al.2009. Since, the resistance of plants to oxidative stress generated
by these environmental stimuli was well coated with increase in the GR activity, it is
suggested that 4@, stimulates GRde novo synthesis, probably at the level of
translation(Pastori and Trippi, 1992)

Glutathione peroxidases (GPXs)

Glutathione peroxidases (GPXs, EC 1.11.1b8Jong toanothe important group of
ROS scavenging enzymes. They catalyze the reductiop@fahd lipid hydroperoxide

to water and alcoholrespectively, using thioredoxiras the electron donor
(Navrotet al.2006)

In Arabidopsis thalianaGPXs are encoded by a gene family consisting of eight
members GPx1 i GPx8. The sequence analyses and transit peptide comparison
revealed that encoded by these genes proteins are localizbé tgtosol (GPX2,
GPX4, GPX6 and GPX8),htoroplasts (GPX1 and GPX7), mitochondria (GPX4a)
endoplasmic reticulum3PX5) (Rodriguez Millaet al.2003; Changet al. 2009).
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The chloroplast glutathione peroxidases, GPX1 amX®G are small proteins with

a molecular weight of appramately 25 kDa, sharing 82 % sequence similarity
(Rodriguez Millaet al. 2003) GPX1 resides on the thylakoid membrdRerroet al.
2003)or in the chloroplast strom@ybailov et al. 2008) while the precise location of
GPX7 is uncleafMeyer et al. 2005) Both of them were shown tmave an important
regulatory and protective role during acclimation to photooxidative and salt stress
conditions, metal toxicity, wanding and hormone treatments well as in limiting
programmed cell death in responseiritection by virulent and avirulent biotrophic
pathogengRodriguez Millaet al.2003; Changpt al.2009)

Peroxiredoxins (PRXS)

Peroxiredoxins (PRXs, EC 1.11.1.15) are ubiquitous thiol peroxidases with broad
substrate specificity. In addition to tmeduction of HO,, they also detoxify alkyl
hydroperoxides and peroxynitrif@®ietz et al. 2002; Koniget al. 2003; Laxaet al.
2007) Their catalytic activity is based on the conserved cysteine residue in the active
site of the enzyme. During the reactioytle, the cysteine residue is oxidized to sulfenic
acid, while hydrogen peroxide, alkyl hydroperoxides and peroxynitrite are reduced to
water, corresponding alcohol or nitrite, respectively. The oxidized cysteine residue is
then regenerated via intrar inter-molecular disulphide formation and electron transfer
from donors such as thioredoxin, glutaredoxin or cycloph(liig et al. 2003).

All PRXs have a similar basic protein structure with a thioredoxin fold. Their molecular
masses range between aid 22 kDa. Based on sequence similarities and catalytic
mechanisms, they are divided in four types, nameByd PRXs (1CPs),-Zys PRXs
(2CPs), type Il PRXs (Prxll) and peroxiredoxin (Pr{Q)etz et al.2002)

Genome ofArabidopsis thalianaencodes mie ARXs, including one LCys PRX (LP),

two 2Cys PRXs (2CPA and 2CPB), five type Il PRX®rXlIA-E) and one
peroxiredoxinQ (PrxQ)(Dietz et al. 2002) Among them, CP with only one catalytic
cysteine residue in the activaentre of the enzyme is localizkto the cytosol and
nucleus(Haslekaset al. 1998) 2CPs (2CPA and 2CPB) and PrxQ with two catalytic
cysteine residues are localized to the chloropléBtser and Dietz, 1997; Petersson

et al. 2006) while also having two catalytic cysteine residues in the active site Prxlls
(PrxIlE) or mitochondria (PrxIIF)(Bréhdin et al. 2003; Horling et al. 2003;
Finkemeieret al.2005)
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Chloroplast PRXs, namely 2CPA, 2CPB, PrxQ and PrxIIE, are highly abunda
enzymes involved in many cellular proces@egtz et al. 2002, Dietz, 2007)Beside
their participation in the amxidative defenc€Baier and Dietz, 1996; Baier and Dietz,
1997;Horling et al. 2003 Muthuramalinganet al. 2009, all of them are alsmvolved

in the HO; signalling(Baieret al.2000; Baieret al. 2004, 2CPs function as molecular
chaperonegAran et al. 2008; Kim et al 2009) and PrxQ is linked to the pathogen
defencgKiba et al.2005)

1.15.2 Norenzymatic components of antioxidapstem

Non-enzymatic components of antioxidant system include the major cellular redox
buffers ascorbate (AsA) and glutathione (GSH), as well as tocopherol, carotenoids and
phenolic compounds(Noctor and Foyer, 1998; Maeda and DellaPenna, 2007;
Agati et al.2012.

Ascorbate (AsA)

Ascorbate (AsA) is the most abundant-@ mM) low molecular weight antioxidant

in plants(Noctor and Foyer, 1998)t plays a key role in the defence ag oxidative

stress caused by enhanced levels of RO&@klin et al. 1996 Huanget al. 2005; Gao

and Zhang,2008. Under these stressful condit&ynAsA directly scavenges ROS

(OZA, H,O, and Ol-f), acts as an electron donor for ascorlpEmxidases in ASASSH

cycl e and regenerates anot 4oeopherbl@hemasiol e c u |
et al. 1992) AsA is also Ihked tocell growth, division and metabolisiiiso et al.

1988 BarbaEspinet al. 2010) as well as acts as an electwonor for violaxanthin
de-epoxidas€Eskling and Akerlund]1998)

In plants ascorbate is synthesized in mitochondria byalactoneo-lactone
dehydrogenase and then transported to other cell compartments through a proton
electrochenical gradient(Wheeleret al. 1998) It is detected irthe majority of plant

cells, organelles and apoplast and is particularly abundant in the photosynthetic tissues
(Noctor and Foyer, 1998)
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Glutathione (GSH)

Glutathione (GSH) isx major low molecular weight thidbased antioxidant in plants
(Noctor and Foyer, 1998)t plays a key role in the defenagainstoxidative stress and

is involved in diverse biological processes, including cell growth, regulation of sulphate
transport, ginal transduction, conjugation of metabolites, synthesis of proteins and
nucleic acids, detoxification of xenobiotics and synthesishefatingtransition metals
phytochelatingWingateet al. 1988; Foyelet al. 1997; Noctorand Foyer 1998; Noctor

et al. 2002 Ball et al. 2004. Under oxidative stress conditions GSH funcsias an
antioxidant in many ways, skhicas direct scavenging of ROSzéOHzOz and OH’S),
protection of macromolecules (e.g. proteins, lipids, DNA) from oxidative damage by
their dutathiolation and regeneration of AsA in the A&SH cycle(Noctor and Foyer,
1998; Ballet al.2004)

In plant cells glutathione is synthesized only in the cytosol and chloroplasts by the
compartmens peci f i c I sglutbnoykcrgss t enifny b -E€§)nantd a s e {
glutathione synthase (GS), but afterwards is transported to almaosthafcellular
compartmats such as endoplasmic reticulum, vacuoles and mitochofiviztor and
Foyer, 1998) GSH in theseeompartments occurs predominantly in the reduced form
(GSH) and its concentration is the highest in the chloroplasisniM) (May et al.

1998)

Tocopherts

Tocopherols (U, b, o and U) are | tfopophili
OZA, OH"and lipid peroxy radicalg¢HollanderCzytko et al. 2005; Kruket al. 2005)

Among t hem, t h e -tonapbetol, whizhuis a lpid solukilesantidkidant
associated with biological membranes of cells, espeaiallythe thylakoid membraise

of chloroplastslt is synthesized only by photosynthetic organisms in chloropéasts

present only in green parts of the plant. Incorporated into the lipid portion of cell
membranesU-tocopherol protects them from oxidative damage and prevents the
propagation of lipid peroxidatiofFryer, 1992; KamaEldin and Appelqgvist, 1996;
Ivanovand Khorobrykh, 2003).
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Carotenoids

Carotenoids belong to the group of lipophilic antioxidants able to detoxify many forms
of ROS(Young, 1991) They are pigment®und in plants and microorganisms, which
areable to absorb light400 to550 nnm) and pass the captured energy to chlorophyll, as
well as to directly scavenge singlet oxygen and quench triplet state of chlorophyll
preventing'O, formation and, thus, oxidative dama@y®ung, 1991; SiefermaHarms,
1987; Xiaoet al.2011).

Phenolic compunds

Phenolic compounds include diverse secondary metabglibesessingantioxidant
properties, such as flavonoids, tannins, hydroxycinnamate esters and. ligmay are
abundant in plant tissue, whetfeey play a role in the defence against oxidatitress
(Grace and Logan, 2000; Agadt al. 2012) Under stressful conditions, they chelate
transition metals preventir@HAgeneration, directly scavengQZS@nd HO, and inhibit
lipid peroxidation by trapping the lipid alkoxyl radicgArora et al. 2000; Grace and
Logan, 2000; Agatet al.2012)

1.2 Expression regulation of genes encoding chloroplast antioxidant enzymes

Regulation of gene expression is fundamental for coordination of synthesis, assembly
and localization of many biologically activaolecules in plant cells, such as DNA,
RNA and proteins. It is achieved by complicated rrstiéip process regulated at diverse
levels (Figure 44) (Mataet al.2005; Halbeiseet al.2008)

Gene expression process starts in the nucleus, wiagscription factors (TFs) bind to

the specific DNA sequences located upstream to the transcription start codon
(promotes). Bound to DNA, TFs recruRNA polymerase and regulate the synthesis of
the mRNA precursors (piaRNAs). As soon as these precussasre formed,
MRNA-binding proteins associate with them and mediate their processing. The
processing r e-andtcapmng,sspliding, editngdand polgadenylation of

3 @&nd of premRNAs, and result in the formation of mature mRNAs (trapscx

These mMRNAs are then exported through nuclear pores to the cytosol, where undergo
either degradation (MRNA decay) or translation. For translation, mMRNAs assemble with

specific RNAbinding proteins (RBPs) and ribosomes forming large polyribosome
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comgdexes (polysomes). As soon as the protein synthesis is finished, the proteins are
folded and subjected to numeroussgtranslational modificationge.g. glycosylation,
phosphorylation and acetylation), directed for degradaiiotargetedo the particula
subcellular organelles (Kuhlemeier, 1992; Metal. 2005;Halbeiseret al. 2008 Agne

and Kessler, 2009
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Figure 1-4. Schematic representation of gene expression process regulated at diverse levels
and consisting of various well interconnected st@p®e scheme was drawn according to Agne and
Kessler (2009) and Kuhlemeier (1992).
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To properly exert tl biological functions, plant cells need to appropriately coordinate
the regulation of diverse steps in the gene expression process. It is done by different
regulatory mechanisms acting at all, transcriptional, -pasiscriptional and
posttranslational levels. The transcriptional regulation includes transcription of DNA to
premRNA and is mediated by a large number of transcription factors (TFs) controlling
the expression of various genes in many metabolic processes and signal ti@amsduc
cascade¢Zhou, 1999; Vanderpoelet al. 2009; Wu and Gallagher, 2012As soon as

the premRNAs are formed, the gene xpmession process undergoes the
posttranscriptional control, which is more complex than trapsiom and includes
many processes, such as processing, rexpwanslation and degradatiomf
MRNA (Kuhlemeier, 1992; Kawaguchi and Bai&grres, 2002; Matat al. 2005;
Halbeisenet al. 2008) All of these processes are well coordagthand mediated by
various combinations of RNAinding proteins (RBPs), which facilitate mRNA export
and determine the fate of its degradation and translétiawaguchi and Bailesserres,
2002; Gebauer and Hentze, 2004; Ambroseial. 2012) Moreover,the degradation

and translation of transcripts are also influenced by structural properties of their
untransl ated regions (306UTRs and 506UTRs
as well as by small interfering RNAs (RNAIi) and microRNAs (miRNAiaef,
together with proteweffector complexes, control the degradation of their target
transcripts(Mignone et al. 2002; Hulzink et al. 2003; Gebauer and Hentze, 2004;
Kruszkaet al.2012).Following translatia, proteinsundergomultiple posttranslational
modifications (e.g. glycosylation, phosphorylation and acetylation), are degoaded
targeted to the specifisubcellular compartmentsi(ber and Hardin, 2004liura and
Hasegawa, 201@)Iszewskiet al. 2010. Sinceall chlorodast antioxidant enzymes are
encoded by the nuclear genes and {astslationally targeted to the chloroplasts
(Kitagawaet al. 1991; Baier and Dietz, 1997; Jesperseal. 1997; Asada, 1999jrom

all of the postranslational modificationthe control of protein import into chloroplasts
may beespecially important in the expression regulation of chloroplast antioxidant
system. In plants chloroplast protein import is guided by two translocon machineries
present in the outeand inner envelope membrand)C (translocon in the outer
envelope of chloroplastgnd TIC (translocon in the inner envelope of chloroplasts),
respectively(lnaba and Schnell, 2008; Jarvis, 2008; Benal. 2009) From them, TIC
proteins seem to be important in linking import of chloroplast antioxielanymeswith
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the chloroplast redox state. Thus, they have been shosengeat least two types of
signals calcium (Chigri et al. 2006) and redox signals (NADPNADPH ratio and
possibly also the redox state of thioredoxins and glutathi@sejschet al. 2008; Oreb

et al. 2008) which might provide information about the metabolic state of the
chloroplast§Gomezet al.2004; Chigriet al.2006)

Although so may regulatory mechanisms tiie gene expression process have been
discovered and characterized, the expression regulation of genes encoding chloroplast
antioxdant enzymes have beeso far intensively studied at the transcript level
(AtGenExpress Baier et al. 2004; Klein et al. 2012 and only exemplarily at the
posttranscriptional levelySunkaret al. 2006) Nevertheless, these studies already
showed extreme differences in the relevance of transcriptional antrgastriptional
regulation. Forexample, the expression of 2CP@Baier et al. 2004) and sAPX
(Klein et al.2012)is predominantlytranscriptionally regulad, while that of chloroplast
Cu/ZnSOD (CSD2) remains under pdsanscriptional control by miR398
(Sunkaret al.2006)

1.21 Transcriptional regulation of 2Cys peroxiredoxins A (2CPA)

In plants, 2CPA is one of the most abundant chloroplasts proteins with 0.6 £ 0.2 % of
total soluble proteins in barley leav@sonig et al. 2003) Intensive analyses of its
expression under various growth conditions and in different plant backgrounds, such as
liverwort Riccia fluitans monocot barley and dic&rabidopsis thalianarevealed for

this gene the transcriptional, red@nd photosynthésdependent regulatiofBaier and

Dietz, 1996; Baier and Dietz, 1997; Horliegal. 2003; Baieret al.2004) Moreover, it

was shown that the expression of this gene is strongly linked to the chloroplast
developmen{Baier and Dietz, 1996; Bai&t al. 2004; PefiaAhumadat al. 2006)and

is induced in response to insufficient chloroplast antioxidant prote¢tordouble
mutants lacking bothhloroplast APXs)Kangasjarviet al.2008)

Regulation of2CPA expression has been analysed using several appsjasiich as
application of signal transduction cascade inhibitors as well as mapping of
cisregulatory elements in tH&CPApromoters and screening for thaiansregulators
(Baier and Dietz, 1996; Baier and Dietz, 1997; Horlaigal. 2001; Baieret al. 2004;
Shaikhaliet al. 2008. The first analyses revealed that exogenously applied ascorbate

strongly decreases th2CPA transcript abundance in liverwoRiccia fluitansand
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Arabidopsis thalianaHowever, this suppression could be blocked by the application of
serine/threonind&inase inhibitor staurosporin, indicating that kinasediated
signalling mechanisms control the ascorbdgpendent regulation @CPA expression
(Horling et al. 2001; Baer et al. 2004) Later, by the use of promoter deletion
constructs, theis-regulatoryelementof the 2CPAmapped to a 216 bgomaincalled
Aredox box o (Baesetal 2084y A suleseqeaht yeashehybrid screen
resulted in the identificationf a redoxsensitive transcription factor, Rap2.4a, which
binds in its dimeric form to a CE3i ke el ement -lwo x®haikhalit he
et al. 2008) The analysesof Rap2.4aKO lines demonstrated that Rap2.dantrols
tolerance against naturahweronmental fluctuation via thexpression regulatioaf the
nucleargenes encoding components of tdoroplast antioxidant and photosynthetic
systems. It is activated by moderate redox imbalances, but inactivated upon severe
stressconsistent with deeased transcript levels for nuclear genes encoding chloroplast
antioxidants after RO8pplication(Shaikhaliet al. 2008) Beside Rap2.4a, the mutant
screen for promoter activators indicated at least six additional regulat®€RA
expression, designetmb for the redoximbalance of gene expression regulation. The
genes affected in these mutants might éther, transregulators of Rap2.4a or
independen2CPAregulatorgHeiberet al. 2007)

1.22 Transcriptional regulation of ascorbate peroxidasg®\PX and tAPX)

Ascorbate peroxidases (APXs) play a key role gfheutralization(Asada, 1999)It

is estimated that their activity reaches approximately 60 % of total hydrogen peroxide
decomposition capacity in these organelBgetz et al. 2006) However, sAPX and
tAPX are also prone to inhibition by.8, when the ascorbate concentration is low
(Miyake and Asada, 19967 hus, when APXs are inactivated, the activity of chloroplast
antioxidant system decreases. Therefore, to cope with demand for demibbgapacity,

de novosynthesis of these enzymes must be activated. It is suggested that such
activation is due to retrograde signalsnfrghloroplasts, which stimulathe expression

of nuclear genes encoding sAPXdaAPX (Heiberet al.2007; Oelzeet al.2012)

In A. thalianasAPX and tAPX are encoded by separate nuclear geA€xandtAPX
respectively(Jesperseet al. 1997) The transcripts accumulation of these genes was
shown to be depelent on the developmental stagfethe leavegPefiaAhumadat al.

2006) and influenced by environmental stimuli, such as light inten€tglze et al.
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2012) Moreover, the analyses of mutant lines with suppressed express2Cys
peroxiredoxinsdouble knockout mutants of tAPX and sAP3&pxtapX), rimb mutants

and knockout mutardf Rap2.4aevealed thatlecreased expression APxs or 2CPsis
compensated by enhanced accumulatior2@Ps and APXxs transcripts, respectively
(Baier et al. 2000; Heiberet al. 2007; Kangasjarvet al. 2008; Shaikhaliet al. 2008).
However, the mechanisms responsible for the expression regulation of these genes at
the transcript level are still poorly characterized. So far, onlys#d?xa transcription

factor (TF) binding to the promoter of this gene and influencing its trigtisn has

been identifiedKlein et al. 2012) This TF, ANAC089, belongs to the plaspecific

NAC transcription factors family, wbh comprises of about 110 membeis

A. thaliana (Jensenet al. 2010) The members of this family are involved in
developmental processes, hormonal signalling and responses to abiotic and biotic
stressegHu et al. 2010) Moreover, several TFs from this family belong also to the
group of membraneethered transcription famts (MTTFs). When associated to the
membrane they are inactive and only the proteolytic processing releases the functional
TF (Kim et al. 2007) Such cleavage is often stimulated under abiotic stress conditions
or in the presence of hormon@am et al.2006). ANACO089, being one of the memiser

of MTTF family, was shown to be released from the membrane upon treatment with
reductant DTT. The active ANACO089 bound then to the promoteA&ixrepressing

the transcription of this gene. It is proposed that segulation ofsAPXexpression

might be a mechanism causing deragulation of chloroplast antioxidant system and
thus, saving resources for other important synthetic activities when the production of
ROS in chloroplast is low e.g. when the leaves are pwntly shadedor the
glutathione system is in the reduced state. This hypothesis was confirmed by analyses of
sAPx and ANACO089 expression inA. thaliana plants acclimated to normal (NL;

80 umol m? s) and low light (LL; 8 pmol rif s%). The transcript levels afAPxwere

higher under NL than under LL, while ttRNACO89mRNA levels behaved ithe
inverse manner, showing that heghlight intensities stimulateANAC089-mediated
repression o§APxexpressior{Klein et al.2012)

1.23 Posttranscriptional regulation of chloroplast superoxide dismutase (Csd2)

The expression of chloroplast Cut&OD (CSD?2) is regulated pesanscriptionally in
micro-RNA-dependent mannefSunkar et al. 2006) Micro-RNAs (miRNAs) are
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singlestranded, sall RNA molecules consisting of approximately-24 nucleotides.

In plants, their biogenesis includes several, \wwebirdinated steps, such as transcription

of encoding them genesm{(RNAS, processing of their precursors and incorporation of
mature miRNAsto RNA-induced silencing complexes (RIS@artel, 2004; Jung and
Niyogi, 2009) The first step, transcription @ghiRNAsgenes, is driven by the RNA
polymerase 1l (Pol II) and results in the formation of miBMA precursors
(pri-miRNAs), which are much longer than the mature miRNAs and possess the
characteristic stedoop structurgLee et al. 2004; Xieet al. 2005) These prmRNAsS

are then subjected to the stepwise maturation process catalyzed by having RNase llI
activity Dicer-like protein 1(DCL1) assisted by two other proteins, HYPONASTY
LEAVES1 (HYL1) and SERRATE (SE)Kurihara and Watanabe, 2004; Kurihara

et al. 2006) The whole processing takes place in the nuclear Dicing bodibsd[®s)

and results in theofmation of a duplex consisting of the miRNA and the antisense
(miRNA") strands(Fang and Spector, 2007; Kurihara and Watanabe, 200#se
mRNA/MRNA"dupl exes are then methylated at th
methylotransferase HUA ENHANCERHEN1) and subsequently exported from the
nucleus to the cytosol by the exportin HASBollman et al. 2003; Yuet al. 2005)
Finally, in the cytosol miRNA* from the miRNA/miRNAduplex is degraded and the
remaining mature mMIiRNA is incorporated to the RIS©Omplex containing
ARGONAUTE (AGO) protein(Llave et al. 2002; Bartel, 2004) Such miRNAloaded

RISC regulates the expression of miRli#kget genes by two pesanscriptional
mechanisms: MRNA cleavage or translational represgi®ertel, 2004) A key
detaminant of mechanism used is the degree of miIRNRNA complementarity the
perfect one induces RNA cleavage, while central mismatches trigger translational
repression. Since, in most plants, unlike animals, miRNAs havepee@ct or perfect
complementaty to their targets mRNA cleavage is predominant mechanisms of
miRNA-dependent expression regulation of their gefB=stel, 2004; JoneRhoades

et al. 2006) Such cleaved mRNA are then released from RISC complex and degraded
by58 6 e x 0 nu c (Seuetetal. 2R(R)N 4

1.2.31 The postranscriptional regulation of Csd2 expression depends on the miR398

Computational and experimental analyses revealed that thetraostriptional

regulation ofCsd2expression depends on theR398 (Sunkar and Zhu, 2004; Sunkar
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et al. 2006; JoneRkRhoades and Bartel, 2004 the genome oArabidopsis thaliana

this conserved miRNA is encoded by three I0diR3983 MIR398b and MIR398c
miR398b and c are identical in their sequences, whereas miR398a differs from them by
a single nucleotide at 30 end. Mor eover,
than that of miR398a giving miR398b/c a stronger regulatory im{@actkar and Zhu,

2004; JoneRhoades and Bartel, 2004; Yamasatkal. 2007)

Beside chloroplast Cu/Z80D (CSD2), miR398 targets also cytosolic Cu&nD

(CSD1), mitochondrial cytochromeoxidase 5b (COX51) and the copper chaperone

for SOD (CCS1) (Bonnetet al. 2004; Suinkar and Zhu, 2004; Sunkat al. 2006;
Beauclairet al. 2010) However, the miR398 complementary sites in these genes differ

in their location. INCsd2and CCS1ImRNAs miR398 binds within the coding sequence
(JonesRhoades and Bartel, 2004; Beaucleir d. 2010) while in the Csdl and
COX5blt ranscri pts mi R398 compl emen(Sankay si t e
and Zhu, 2004) Furthermore, some differences were observed also between the
conservancy of the miR398 binding sites. ThusnllandCsd2transcripts these sites

are highly coserved between Arabidopsis, pgaplar and rice, while the conservation

of the miR398 binding site withinCOX5b is lower, indicating less conserved

posttranscriptional regulatiofDugas andartel, 2008)

1.2.32 miR398mediated regulation of Csd2 expression is affected by stressful stimuli

and Cu availability

In plants, miR398 has been reported to be directly involved in the response to various
stress conditions, such as oxidative streksught stress, U\B stress and copper
deficiency (Figure 5B) (Zhuet al.2011a).

oxidative stress

UV-B l

—— e N

) —| {/ CcsD2 \‘:, — oxidative stress

drought / \

sucrose copper deficiency

Figure 1-5. miR398dependentegulation ofCsd2transcript abundance in response to different stressful

stimuli. The scheme was drawn according to £hal.(2011a).
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Among tested stressful stimuli, oxidative stress promoted the decrease in the miR398
level (Sunkar et al. 2006) and enhancement in th€sd2 transcript accumulation,
while drought stress, high UB radiation, copper deficiency and high sage levels
resulted in ugregulation of miR398 and the downregulation of Csd2 expression
(Yamasakiet al. 2007; Dugas and Bartel, 2008; &tal. 2009; Beauclaiet al. 2010;
Trinidadeet al.2010)

The mechanisms d€sd2and miR398expression regulation under copper deficiency
and oxidative stress conditions have been studied in dd€tlskar et al. 2006;
Yamasakiet al. 2007) It was shown that when copper is below a critical threshold,
even under oxidative stress conditions, ékpression omiR398is highly upregulated
(AbdelGhany and Pilon, 2008ConsequentlyCsd2transcripts are degraded and CSD2
protein is not synthesized. Such inhibition of CSD2 allows copper to be preferentially
transferred to the plastocyanin, beitige indispensable copp@&ontaining protein in
chloroplasts involved in photosynthetic electron transport and expressed independently
on miR398. Meanwhile, to prevent the oxidative damage, the function of CSD2 is
replaced by another chloroplast SOD;$eD (Yamasakiet al.2007; AbdelGhany and
Pilon, 2008) In contrast, under oxidative stress conditions and sufficient copper
availability, the level of miR398 decreases, permitting fp@stscriptional induction of
Csd2expression, and thereby helping plattscope with stressful conditior{Sunkar

et al. 2006) Thus, plastocyanin via sensing Cu availability controls the ratio between
seldetermined photosynthetic activity and ROS neutralizatigkbdelGhany

and Pilon, 2008)

1.3 Influence of environmental stimuli on the plant metabolism, ROS

production and expression of chloroplast antioxidant enzymes

Environmental stresses play a key role in determining the evolutionary history of
populations and the geographical distribution ofnfdaand animals. The impacts of
stresses are especially critical among plants, since they are sessile and unable to move
from stressful environmeni@uey et al. 2002; Nicotraet al. 2010) Thus, plants are

often exposed in natural habitats to adverse or stress conditions that disturb their normal
growth and development. For protection, they have developed sophisticated
mechanisms acting at all, anatomical, morphological, cellular and utatelevels.

Such mechanisms need to be welbrdinated and strictly controlled to guarantee the
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survival in stress environmentBoyer, 1982; Huewt al. 2002 Nicotraet al.2010. To
coordinate these mechanisms, planéve evolvedfinely adjustable gee regulatory
systems with some common signals and responding pathways. Such systems can be
activated either temporarily or peanently depending on the durati@i stress
(Chinnusamyet al. 2004) Thus, temporal activation of these systems is a result of
spatial fluctuations in the environmental parameters (e.g. drought stress caused by low
precipitation and high temperatures in summers), while the permanent one results from
the climatic changes that emerges across generations. The processes are aedsrred t
acclimation and adaptation, respectively. Among them, acclimation results the most
often from the temporal alternation in the transcriptional or translational activity of
genes encoding specific components of this system, while adaptation rathst&iden
mutations or epigenetic changes in these genes that are inherited over generations
(Whitehead,2011; Grativolet al.2012)

Below, responses of plants on the metabolic and genetic levels (with emphasis on the
expression regulation of chloroplasttiaxidant system) to the most common stfek
parameters (water deficglevated UVB radiationas well as high and low temperature
limiting plant growth, productivity and geographical distribution, will be discussed.

1.3.1Drought

Drought imposes an osmotic stress that leads to turgor loss, disorganization of
membranes, loss of enzymatic activities and excess production of ROS. As
a consequence, inhibition of photosynthesis, metabolic dysfunctiondamadge of
cellular structuresoccur. To prevent these damages, plants have evolved efficient
mechanisms controlling their water status. The first response of virtually all plants
under drought stress conditions is AB#ediated stomata closure. It preverite
transpirational water loss, but aside leads also tg déficiency and, thus, decline in

rate of photosynthesis. As a result, more electrons are transferred to molecular oxygen
causing ROS generation. Therefore, in addition to drergggonsive genesthe
expression of antioxidant genes under drought stress needs to be also tightly controlled
(Mahajan and Tuteja, 2005; Krasensky and Jonak, 2012)

The response of plants to water deficit is mediated by dreegponsive signalling
cascade, in which DRE(DRE binding protein) transcription factors play a central role.
They belong to the family of AP2/EREBP (APPETALA2/ETHYLENRESPONSIVE
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ELEMENT BINDING PROTEIINS) tanscription factors, which bintb the DRE
elements in the promoters of genes encodingghbresponsive proteins. By binding to

the promoters of these genes DREB activate their expression and confer the tolerance to
water deficit(Mahajan and Tuteja, 2005; Yamagudhinozaki and Schinozaki, 2006)
However, so far such DRE elements have he@nidentified in the promoters of any

gene encoding chloroplast antioxidant enzymes, indicating that they are regulated
independently from DREB. Consistent with this hypothesis, array experiments
performed by the AtGenExpress Consorti@idilian et al. 2007) revealed that upon
drought stress, when the DREB levels are elevated, the transcripts of all chloroplast
antioxidant enzymes are accumulated in lower amounts than in control plants, excluding

DREB-driven expression activatiarf these genes.

1.3.2Cold stress

Cold stress is another major environmental factor limiting plant productivity and
geographical distribution. Plants exposed to low temperatures poorly germinate, have
decreased fertility (usually due to the pollen sterility) and show several other phenotyp
symptoms, such as reduced leaf expansion, wilting, and chlorosis. Moreover, the
cold-induced changes appear also at the cellular level. Thus, extremely low
temperatures cause the damadebiological membranes (due &dternations in their

lipid composition), enhance synthesis and accumulation of compatible solutes
(e.g. proline, soluble sugars antyanebetaine), change the carbohydrate metabolism
and boost the ROS scavenging potential. Further, cold stress disrupts the integrity of
organelles leading to the loss of compartmentalization as well as impairs
photosynthesis, protein assembly and general metabolic pro¢@esasashow, 1999;
Heidarvand and Amiri, 2010)

The response of plants to cold stress is controlled and integratemldestress signal
transduction cascades, in which colduced CBF (CREPEAT BINDING FACTOR)
transcription factors and CBfegulated COR (COLD RESPONSIVE) proteins play

a key role(Thomashow, 1999).ow temperature is sensed by so far unknown sensors
or changes in the membrane rigidification, which might induce al$b i6#ux and
activation of calciurdependent kinases necessary for cold acclimation. Such kinases
via phosphorylation activate the ICE1 (INDUCER OF CBF EXPRESSION),

a MYC-type basic helidoop-helix transcription factor, which binds to MYC
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recognition elements in the promoters of CBF genes leading to the activation of their
expression. CBF subsequently activate the expression of COR proteins, which confers
the cold toleance. However, CBFs regulate only approximately 12 % of the cold
responsive transcriptome, therefore also other transcription faetgrsGbox binding

factor 1) have to bewolved in the activation o€OR expressionThomashow, 1999;
Chinnusamyet al.2007)

Beside the COR, CBFs regulate also the expression of genes involved in
phosphoinositide metabolism, transcription, membrane transport, hormone metabolism
and ROS detoxificationfFowler and Thomashow, 2002; Maruyarea al. 2004)
However, among chtoplast antioxidant enzymes the cold induction of gene expression

was shown only fo6Px1(Soitamoet al.2008)

1.3.3Heat stress

Heatstress is one of the major abiotic stress limiting the growth and development of
plants. It leads to the inhibition of photosynthesis, damage of cell membranes,
senescence and programmed cell déitrim et al. 1999; Iba, 2002; Larkindale and
Huang, 2004; Quet al. 2013) To avoid these damages, plants have developed
sophisticated heatress defence mechanisms, in which{sbatck proteins (HSPs) play

a key roleg(lba, 2002)

In plants, HSPs are divided according to their approximate molecular weigiita

into five classes: HSP100, HSP90, HSP70, HSP60 and smalkshmakt proteins
(sHSPs) with molecular massof 1530 kDa. All of them are regulated through the
action of heastress transcription factors (HSFs) and function as molecular chaperones
essential for maintenance of protein homeostédbes, 2002) Thus, the basic heatress
signalling cascade in plants consists of HSFs, HSPs and several cellular temperature
sensors including a plasma membraadcium channel, anuclearhistone sensor and

two unfolded protein sensors in the endoplasmic reticulum and the c{tbtdr et al.

2012) Among them, HSFs can be activated either b§f GaROS(Pnueliet al. 2003;

Mittler et al.2012) In response, they bind to the heat stress elements (HSenpie

the promoters of genes encoding all HSPs and at @& antioxidant enzyme. Such
HSE were identified in the promoter of cytosolic ascorbate peroxidase APX1, but not in
the chloroplast tAPX, indicating that tAPX is less essential in responsegto hi

temperatures than APX(Storozhenkoet al. 1998) Indeed, a knockout mutant of
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A. thalianalacking tAPX was shown to be less sensitive to the heat stress than the wild
type, while the lack of cytosolic APX1 resulted in the stunted growth and enhanced
sensitivity toboth, heat and oxidative strggueliet al.2003; Milleret al.2007)

Recenly, HSE was also identified in the promoter of gene encoding one of the
MIiRNA responsible for pogtanscriptional regulation o€sd2 expression, miR398b
(Guanet al.2013) It was shown that two heahock transcription faots, HSFA1b and
HSFA7b bind directly to the promoter ofir398bleading to the enhanced synthesis of
this miRNA. In response, the expression of miR388get genessdl Csd2 and
CCS) is downregulated resulting in higher sensitivity to ROS and, thest lstress
damagegGuanet al.2013)

1.3.4UV-B stress

UV-B is a toxic sunlight fraction (280 to 315 nm), which is known to damage DNA,
inhibit photosynthesis and arrest the cell cydehgeet al. 2011) Since plants are
dependent on sunlight for photosynthesis, they cannot avoid exposure to {Be UV
radiation and, therefore, needed to adapt to its deleterious effects. Thus, they have
developeda wide range of strategies, which allow them to survive uinigh UV-B
radiation. Such strategies include: changes in the cellular levels é8 Eksorbing
metabolites (flavonoids, ascorbate, carotenoids, tocopherol and vitamin B6), increase in
the leaf thickness and UB reflective properties(Jenkins, 2009) All of these
alternations are activated by specific iBVsignalling cascade consisting of several well
characterized components, such as bZIP transcription factor HY5 (ELONGATED
HYPOCOTYL 5), HY5homolog HYH, multifunctional E3ubiquitin ligase COP1
(CONSTITUTIVE PHOTOMORPHOGENIC 1) and U receptor UVR8. Within this
cascade, UVR8 absorbs LB/ and sends the signal to COP1, HYH and HY5 inducing
the changes in the expression of encoding them genes, such asedovation of
COP1land upregulation of bothHYH andHY5 (Ulm et al. 2004; Oravecet al. 2006;

Brown and Jenkins, 2008; Jenkins, 2009; Rizetral.2011) The upregulation ofHY5
expression results in the enhanced synthesis of these transcription factor and, thus,
subsequent activation of its targggnes including=LIP1, PAP1and MYB12 Among

them, ELIP1 encodes EARLY LIGHHANDUCIBLE PROTEIN 1 known to be one of

the major light responsive genes involved in the induction of tolerance to
photoinhibition and photooxidative strg$&ossiniet al.2006) while PAP1andMYB12
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code for proteins involved in the flavonol/anthocyanin pathWeghge et al. 2005;
Strackeet al. 2010) Similar to HY5, HYH is also able to induce the expression of
several genes, such & G5 for sigma factor 5 andsGPx7 encoding chloroplast
glutathione peroxidase (Mohgeet al. 2011) Sincehigh UV-B radiation is known to
decrease the photosynthetic ligdaturated C@ assimilation and limited CO
assimilation leads to the excessive production of ROS, the activatiohlabplast
antioxidant system is not a surprise. Besides GPX7, the induction of this system was
shown inA. thalianaalso for other chloroplast peroxidases (GPX1, sAPX and tAPX)
and low molecular weight antioxidant, ascorbdfao et al. 1996; Gao and
Zhang, 2008)

1.4. Aim of the presentstudies

The present work aims to understand the expression regulation of chloroplast
antioxidant enzymes in response to fluctuations in environmental parameters
(e.g. growth temperatur@verage monthly precipitation and UV radiatioRfr such
studiesthe accessions dk. thalianabroadly distributed among Northern hemisphere
and exposedcross their latitudinal range (from mountains in Tanzania and Kenya to
North ScandinaviaYo variousclimatic conditions are widely exploite(Koornneef

et al. 2004) Here, seven of them origating from contrasting habitaBom Russia to
Cape Verde Islands) are used to demonstrate the genetically controlled dynamic,
acclimatory impornce and restrictions in the expression regulatiorchdéroplast
antioxidant systemrhe studiesfocuson themain antioxidant enzymef@CSD2, PRXSs,
GPXs, APXs, MDHAR, DHAR and GRand aimto characterize the regulatory
mechanisms acting at every lev@tanscipt, polysomal RNA and protejnof their

expression process
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Chapter 2

MATERIAL SAND METHODS

2.1 Plant material

Accessions ofArabidopsis thalianaused in all studies were selected to coaevide
range of habitats (from 15 to B2\ latitude) with contrasting temperature and
precipitation conditions (see Tablel2for a list). Seeds of them were obtained either
from the Nottingham Arabidopsis Sto¢kentre (NASC, United Kingaim) or from the

Versailles nested core collectiofisiRA, France)
2.2 Growth conditions and stress treatments

2.2.1Cultivation of matue Arabidopsis thaliana plantsrsoil

Following threedays of stratification at 4C, seed=of Arabidopsis thalianaccessions
were germinated and grown on sf&0 % potting soil containing four volumes garden
compost, one volume Toresa wood fibers (Franz Kranzinger GmbH, Austria), one
volume Floratron 1 (Floragrad GmbH, Germany);%0Toresa wod fibers; 1.5 g’
Osmocote extract standard (Scott Celaflor, Germany); 0*®Dglomite lime (Deutsche
RaiffeiseaWarenzentrale, Germany); 0.5 ¢* |Axoris Insektenfrei (COMPO,
Germany) for 6 weeks in a climateontrolled chamber a day / nighttemperature of

20 °C / 18 °Cand 120pmol m? s light (L36W/840 Lumilux Cool White bulbs,
OSRAM, Germany) witla 10 h light/14 h dark photoperiod.

2.2.2Different temperaturgreatments

After three days of stratification seeds Af thalianawere germinated and gem on
potting soil composed of onsmlume Terreau Professionell Gepac Einheitserde Typ T
(Einheitserde, Germany), onelume Terreau Professionell Gepac Einheitserde Typ T

(Einheitserde, Germany)nd one volume Perligan G (Knauf Perlite, Germany)

41



Table 2-1. Arabidopsis thalianaaccessions used for analyses of natural variation in the chloroplast antioxidant system. Geograpiiicadtaludjical data were obtained from
thewebsites of Versailles Biological Resource Centre (http://dbsgap.versailles.inra.fr/vnat/) and NASC European Arabido@ssitsodittp://arabidopsis.info/EcoForm).

Average monthly precipitation

. ' | N Latltl.(ljde Altitude Average temperature[°C] [mm]
Accession NASCID  VersaillesID  Geographical origin an [m] . _
longitude April to October to April to October to
September March September March
Gorzow Wielkopolski N52
Col-0 N1092 186 AV (Poland E15 1-100 7-18 (-1)-9 40-80 30-50
Kashmir N34-N36
Kas-1 N1264 - (India) E74E80 1580 0-12 (-12)-2 0-50 1050
Cvi-0 N1096 166 AV Cape Verde Islands N1SN17 11061200 23-27 22-26 0-50 1-80
P W23 W25
Moscow N56
Ms-0 N1376 93 AV (Russia) £38 100200 4-18 (-2)-(-11) 40-60 40-60
Wassilewskija N52-N53
WS N1602 84 AV (Belarus) £30 100200 6-19 (-7)-1 40-80 3040
c24 N906 183 AV Unknown - - - - - -
Van-0 N1584 161 AV Vancouver N49 1-100 7-15 (-1)8 2060 100170
(Canada) w123
Canary Islands N28
Can-0 - 163 AV (Spain) W15 12001300 8-9 8-9 0-14 2-10
Sierra Alhambra N38
Sah0 - 233 AV (Spain) E3 1300 7-8 6-7 7-37 26-56
Konchezero N62
N13 - 266 AV (Russia) E34 1-100 1-16 (-11)3 41-77 32-59
Sampo Mountain N61-N62
N14 - 267 AV (Russia) Ea4 500 (-1)-17 (-10)-3 27-77 17-58
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for two weeks in a climateontrolled chamber (C41L4X; Percival Scientific Inc.,
United States) atl20 pmol n¥ s* light with a 10 h light 14 h dark photoperiod and
aday/ night temperature of 20C / 18 °C. After two weeks, the plants were transferred
for one additional weeleither to 10, 20 080 °C and 120 pmol f s* light in

a 10 h light 14 h dark photoperiod.

2.2.3Cold stress treatments

2.2.3.1Shortterm cold stress treatment

Seeds ofA. thalianaaccessions were germinated andwgran potting soil containing
onevolume Terreau Professionell Gepac Einheitserde TyfiEihheitserde, Germany),
onevolume Terreau Professionell Gepac Einheitserde TyfEifiheitserdeGermany)
and onevolume PerligranG (Knauf Perlite, Germany) for fowweeks in a climate
controlled chambeat 20°C and 120umol m? s? light (L36W/840 Lumilux Cool
White bulbs, OSRAM, Germany) with 10 h lightt4 h dark photoperiod. After four
weeks plants were subjected ke tpriming stimulus (24 h & °C and 90 pmol iis*
light in a 10 h light/ 14 h dark photoperiod). Afterw@s, plants were transferred for
five days to20°C( Al ag phaseod) and subsequently
(24 h at4 °C) followed by three days @b °C.

2.2.3.2Longterm cold stress treatment

ElevenArabidopsis thalianaccessions were growar six weeks inthe greenhouse of
the Max Planck Institute of Molecular Plant Physiology (Golm, Germany) at
a day / night temperature of 20C / 18 °C and 200 pmol M s* light with

a 16 hlight / 8 h dark photoperiod. After six weekihe plants weretransferredto
agrowth chambefor cold stress treatmettivo weeksat4 °C and 90 pmol ris? light

in al16 h light/ 8 h dark photoperigdfollowed by threedays of deacclimation phase

in thegreenhouse.
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2.3RNA isolation and analyses

2.3.1Total RNA isolation(readyto-use kit)

For total RNA isolation 100 mg of leaf tissue was ground in liquid nitrogen utfieg
Retsch Mixer Mill MM400 (Retsch, Germany)RNA was isolated with the
GeneMATRIX Universal RNA Purification Kit (EURx, Poland) according to
manuf act ur er Bosensure that isolaed RNA rwast contaminated with
genomic DNAon-column digestion with RNasieee DNasel (Fermentas, Germany)

was perfomed. RNA samples were stored-8 °C.

2.3.2Total RNA isolation (manual method)

For RNA isolation from coletressed plantsfive rosettesof each accessiowere
pooled and immediately ground in liquid nitrogen. Total RNA was extracted fro
200300 mg of frozen plant material using 500 ul lysis buffer (O8I Tris-HCI,
pH 8.59.0; 25 mM EDTA; 25 mM EGTA; 2% SDS; 100 mMb-mercaptoethanol),
500 pl phenol and 300 pl chloroform/isoamalocohol (24:1). After centrifugation
(Centrifuge 5415R, Eppendorf, Germany) for 10 minute$64i00 x gand 4°C, the
upper(aqueousphase was trafierred to dresh1.5 ml reactiortube and subsequently
extractedwice: first with 500 pl phenol and 500 phéoroform/isoamyl alcohol (24:1)
and second with 1 ml chloroform/isoamyl alcohol (24:1). Following the extraction steps
total nucleic acids were precipitated fraime supernatant in 500 pl-gropanol for
1 hour at20°C and sedimentedytzentrifugatiorfor 15 minutes at6100 x g and °C.
Afterwards the nucleic acidpellet was dissolved in 200 (i1 % SDS(w/v) in DEPG
treated water20 pl 3M sodium acetate (pH 5.2) and 600 pl of ¥6ethanol were
added andan overnightprecipitation of nucleic acidwas performedt -20 °C. After
sedimentation of nucleic acids by centrifugatfon 15 minutesl6100 x gand 4°C,
pelles were dissolved id0 pl water and treated witBO pl of 7.5 M lithium chloride to
remove sugacontamnations. Followng the incubation with LiCl foll hour at-20 °C,
the nucleic acids were sedimented by centrifugatiwnl5 minutes at6100 x gand

4 °C. Pellds obtained after sedimentatiarere dissolved in 200 ul LG BuffdEURX,
Poland)and 100ul RL Buffer (EURX, Poland), 300 ul of 98 ethanol was added and
the whole mixture was loaded on RNA binding column fridm GeneMATRIX
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Universal RNA Purification Kit (EURX, Poland). The final purification of isolated RNA
including orrcolumn digestion oDNA with RNasefree DNasel (Fermentas, Germany)

was performed according to manufactureros

2.3.3Polysomal RNA isolation

Polysomes were purified as described Kghlau and Bock (2008with slight
modifications.200 mgof leaf tissue was ¢ated with 1 ml of frehly prepared extraction
buffer (200 mM TrisHCI, pH 9.0; 200 mM KCI; 35 mM MgG| 25 mM EGTA;

200 mM sicrose; 100 mMb-mercaptoethanol; 26 (v/v) Triton X-100; 2% (v/v)
polyoxyethylenelO-tridecylether; 1 mg mi heparin; 100 pg mi chloramphenicol;

25 pug mlt cycloheximide) in conditionsnaintaining the integrity of the polysomes.
After removal of cell debris by centrifugatig@entrifuge 5415R, Eppendorf, Germany)
for 5 minutes at 1300 x g and 4°C, the soluble material was supplemented with
1/20 volume of 10% (w/v) sodium deoxycholate, incubated for 5 minutes on ice and
centrifuged(Centrifuge 5415R, Eppendorf, Germarigj 5 minutes at 1300 x g and

4 °C. 500 pul of superatant was loaded on the continuous sucrose density gradients
(1556 % sucrose in 40 mM THBICI, pH 8.5; 20 mM KCI; 10 mM MgGl

100 pg mi* chloramphenicol; 500 pg Miheparin) and separated by ultracentrifugation
(rotor 60Ti; Ultracentrifuge Optima L90K, BeckmaiCoulter, Switzerland)for

80 minutes at 200 x g and 4C. After centrifugation 10 fractits, 410 pl each, were
stepwisecollected. Control gradients, on which 500 ul of supernasapplemented
with 20 mM puromycin(Kahlau and Bock, 2008)as loaded, were used to identify
fractions containing polysomes and lacking free mRNA and ribosomes. The polysomes
enriched fractions (five lowest fractions) were pooled and subjected to RNAdeolat
Pooled fractions were supplemented with 0.7 volume of O&EPated water,
0.12 volume of5 % SDS in 0.2 M EDTA pH 80 and 1 volume of
phenol/chloroform/isoamyl alcohol (25:24:1), incubated for 12 minutes at room
temperature andentrifuged (Centrifuge 5810, Eppenfijddermany) for 15 minutes at
5500 x g and 4°C. Following the centrifugationthe upper (agueoysphase was
transferred toa fresh 1.5 ml reaction tube supplemented with 0.1 volume of

3 M sodium acetate pH 4.8 and subjected to RNA precipitation in 2.5 volume of
96 % ethanol. AfterwardsRNA was sedimented by centrifugation (Centrifuge 5415R,
Eppendorf, Germany) for 20 minutesl&100 x g andl °C and subsequéyg subjected
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to 2.5 M LIiCl treatment to remove heparin. Following the purification with LiCl, pellets
obtained after centrifugation were dissolved in 200 ul LG Buffer (EURX, Poland) and
100 ul RL Buffer (EURX, Poland), 300 ul of 9% ethanol was added amde whole
mixture was loaded on RNA binding columfrom GeneMATRIX Universal RNA
Purification Kit (EURX, Poland). The final purification of isolated RNA including
onrcolumn digestion of DNA withRNasefree DNasel (Fermentas, Germany)swa

performed according to manufacturero6s inst

2.3.4RNA quantification

RNA quantity and purity was assessed spectrophotometrically using NanoPhotometer
P300 (Implen, United Stateby measuring absorbance at 230, 260 and 280 nm. The
absorbance gasured at 260 nm gives information about RNA concentration, whereas
the calculated AdA230 and AsdAzge ratios indcate phenol/sugars and protein
contaminations, respectively. For further expression analyses only RNA samples
possessing both ratios,d/Azzp and AesdAzse higher than 2.0vere chosen.

2.3.5Electrophoretic separation of RNA

Integrity of RNA samples was checked electrophoresis on 1% (w/v) agarose geh

1 x MOPS buffer 20 mM MOPS, pH 7.0; 5 mM sodium acetate; 1 mM EDTA). After
melting 1.5 gagarose int50 ml1 x MOPS buffer and subsequent cooling down to
around60 °C, formaldehyde was addéd final concentration of 0.9 % (vAgnd gels
were casin horizontal gel traysSamplesvere prepared by mixing @ isolated RNA
with 3 pl loading dye (10 mM Tri$iCl, pH 7.6; 60% (v/v) glycerol;60 mM EDTA;
0,03 % (w/v) bromophenoblue) and 4.8 pul loading buffegf83 mM MOPS, pH 7.0;
0.75 mM sodium acetate; 0.15 mM EDTA; @& (v/v) formaldehyde, 57.56 (v/v)
formamide; 0.12 mg mf ethidium bromide)and subsequent denaturation for
15 minutes at 68C. After denaturation samples were immediately transferred on ice
and then loaded into gel pockets. RNAsvgeparated for 20 minutes at constant voltage
(90 V) in 1x MOPS buffer.Ethidium bromidestained bands were visualdzat UV
light using INTAS Gel Imager (INTAS, Germany).
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2.4First strand cDNA synthesis

2.4.1First strand cDNA synthesis for genexpression analyses

cDNA was synthesized from DNaseated total and polysomal RNAs using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, United States).
cDNA synthesis was performed in 20 pl total volume from 500 ng of RNA in sample
mixture containing 1x RT Buffer, 10 mM dNTP Mix, 25 U MultiScrid¥ Reverse
Transcriptase antix RT Random Primers or 5 uM Oligo(dT) Primers (SigAiddrich,
Germany). Samples were incubated for 10 minutes &C2&® anneal the primers to
RNA template followed by cDNA synthesis for 120 minutes at 37 and reverse
transcriptase dactivation for5 minutes at 88C. Prior to use for quantitative retine

PCR analyses obtained cDNA samples were diluted 1:2 with RiNzesevater.
2.4.2First strand cDNA synthesis for micklRNAs analyses

For quantification of mature micfBNAs total RNA was reversianscribed according
to Chenet al. (2005) using micro-RNA-specific stemloop pimers (see Tabl@-2 for

a list)andMultiScribe™ Reverse Transcriptase (Applied Biosystems, United States).

Table 2-2. Stemloop primers used for synthesis of cDMAcoding micreRNAS.

micro-RNA steml oop prYi3nde]lr [ 56

miR398a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGGG
miR398b GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGGG

miR168a GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTCCC

500 ng of total RNA wasnixed with 0.5 pl 10 mM dNTPand 0.5 ul 2.5 pM micre
RNA-specific sterdoop primer (Sigm&Aldrich, Germany), filled with RNas&ee
water to a final volume of 21.25 pl, incubated for 5 minutes &@&and subsequently
chilled on te. Afterwards, 2.5 pl of 10x reverse transcriptase buffer (Applied
Biosystems, United States) pul 100 mM DTT, 0.25 pl12.5 U/ul RNase inhibitor
(EURX, Poland) and 0.5 pl MultiScrib’® Reverse Transcriptase (Applied Biosystems,
United States) were addethe reaction mixture was incubated for 30 minutes &C16
followed by 30 minutes at 42 and 5 minutes at 8%.
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2.5Quantitative real-time PCR (qRT-PCR) analyses

2.5.1 Primer design

Primers used in gR-PCR analyses were designed using QuantPrime software
(Arvidsson et al. 2008) (see Table -3 for a list). To prevent the amplification of
genomic DNA at least one primer of the pair spsth anexorintron border. The
optimal annealing teperature for each primer pair was determined to ensure that the
primers would bind efficiently to their targets and to prevent both-speaific
annealing and primetimer formation. The specificity of the primers was verified via
gel electrophoresis anésulted in a singleroduct ofdesired length. Additionally, the
analyses of the melting curves generated in the CFX96 thermocycler (BioRad, United
States) were performed. The melting curve for each PCR product of interest displayed
a single sharp peaindicating high specificity of the tested primers. Moreover, the
efficiency of amplification was verified for each primer pair in a ¢RIR reaction
performed for 1€fold dilution series of cDNA synthesized using total RNA isolated
from Arabidopsis thaliaavar. Col0.

Table 2-3. Primers used for gene expression analyses byR8R(primer pair marked with asterisk was
used for amplification a§APxonly in Kas1).

Name of the Forward primer Annealing
Gene Gene code i . . temperature
primer pair Reverse primer °C]

AATCACAGCACTTGCACCAAGC

Act2  At3g18780 GPCR_Act2 CCTTGGAGATCCACATCTGCTG 60
ATGACACACGGAGCTCCAGAA

Csd2  At2g28190  GPCRCsd2l ) ororrorrroTGCCACGCCA 60
CTCAACAGGACCACATTTCAACCC

Csd2  At2g28100  GPCRCsd22  \rorrarrreTGoCcAcGCCA 60
AGAATGGGATTAGATGACAAGGAC

SAPx  At4g08390  APCRSAPXL Lot o rreGTGTACTTCGT 60

) CTACTGCTATAGAGGAAGCTGG

SAPX  At4g08390  APCRSAPX2 Lo ) GecTTecTTCTTCTG 60
GCTAGTGCCACAGCAATAGAGGAG

tAPX  Atlg77490 GPCR IAPX TGATCAGCTGGTGAAGGAGGTC 60
TCCCTGCAATCAGTTTGGTTTCC

GPx1  At2g25080  GPCR.GPXL o ore o ATTCACGTCAACCTTATC 60
CGTTAACGTTGCGTCAAGATGTGG

GPx7  At4g31870  APCR.GPXT o TCCAAATTGATTGCAAGGG 60

2cPA  AwgLIsd)  GPCRZCPA O ACCARGOCC 60
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Table 2-3 (continued). Primers used for gene expression analyses byRGR.

Name of the Forward primer Annealing
Gene Gene code . . . temperature
primer pair Reverse primer °C]
TCATACCCTCTTCCTCGGCATC
2CPB  At5g06290  APCR2CPB_L oo cCAGTGGTAAATCATCAGE 60
TTCTCTCTGTTCCGGGTTCTCCAG
2CPB  At5g06290  AGPCR_2CPB_2 )G ACCAGTGGTAAATCATCAGC 60
CAGTAACCGTCTCATCCCTAAC
PIlE  At3g52960  APCR_PIIIE o crrcTccGGCTTTGGATACG 60
PCR_PrxQ AGATGACTCTGCTTCTCACAAGGC
PrxQ  At3g26060 qriR_ TCCCTGGCAATGCTCCAAACAG 60
TGGGAGAAACAGTGGAGGTTGG
MDHAR At1g63940 ~ APCR_MDHAR o) cAAGCTGGAACTCCTCAG 60
CTCGAGGAGAAGTATCCTGATC
DHAR  Atlgl9550 ~ GPCRDHAR o GTGACTCTTGAGATGGTTC 60
PCR GR GAAATTCCGCAAAGACTCCTC
GR  At3g54660 qreR_ CAGACACAATGTTCTCCTTATCAG 60
PCR CCS1 GAGCCATGCCTCAGCTTCTTAC
CCS1  Atlgl2520 qrR TCACAGCATTAACACAACCCTCAC 60
PCR Adol GCACACGCTCAGTTTCAATTGTTC
Agol  Atlg4saio  ArRAG ATGCTCCCACTAGCCATTGAGC 60
TCACCGGCCTTAAAGCCTCAAC
. CTCGACGTGTGTTCTCAGGTCAC
miR398a At2903445 QPCR_mIR398 CCAGTGCAGGGTCCGAGGT 60
CTCGACGTGTGTTCTCAGGTCAC
. CTCGACGTGTGTTCTCAGGTCAC
miR398c At5gl4565 QPCR_mIR398 CCAGTGCAGGGTCCGAGGT 60
GCTATCGCTTGGTGCAGGTC
AACGAGGCCACAAAGAAAGC
COR15A AtZg42540 qPCR_CORlSA CAGCTTCTTTACCCAATGTATCTGC 60
TTGGTGACAACAGGTCAAGCA
ATCGAGCTAAGTTTGGAGGATGTAA
TAACGTGGCCAAAATGATGC

2.52 Verification of primers specificityvia DNA gel electrophoresis

The specificity of the primers used in glPCR analysesvas verifiedvia DNA gel

electrophoresis.

Obtained after

gRTR

reaction products were separated

electrophoretically on 1 % (w/v) agarose gell x TAE buffer (0.8 mM Trisacetate,

pH 7.5; 0.02 mM EDTA) After melting 1.5 g agarose in 150 ml 1 x TAE buffer and
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subsequent coolingown to approximately0 °C, ethidium bromide was added &
final concentration of 0.4 pg mland gels were cast horizontal gel traysSamples
were prepared by mixing five volumes of PCR product with 1 volume of loading dye
(10 mM TrisHCI, pH 7.6; ® % (v/v) glycerol;, 60 mM EDTA; 0,03 % (w/v)
bromophenol blue)loaded into gel pocketnd separated for 20 minutes at constant
voltage (120 V) in 1 x TAE bufferfor estimation of the fragment sizes GeneRuler
100 bp DNA Ladder (Fermentas, Germany) wseparated in parallelEthidium
bromidestained bands were visualizat UV light using INTAS Gel Imager (INTAS,

Germany).

2.5.3Fluorometric detectionand quantificationof PCR product

Quantification of transcript abundances was performed according to MIQE standards
(Bustin et al. 2009) in a CFX96 thermocycler (BioRad, United States) using SYBR
Green gPCR Mastdvlix and gene specific primers (for a list see Tabig). SYBR
Green is a florescent dye intercalating into douskeanded DNA and after excitation
with blue light(a-= 497 nm)emitting fluorescengreen light(a-= 521 nnj. The ability

of SYBR Green to emission of green light enables fluorometrical determirtdtPGR
product anount after each polymerization cycle.

Each PCR reaction waserformedin a total vdume of 10 pl and consisted tésted
cDNA, 1 x SYBR Green Master Mix [Brilliant Il SYBR Green QPCR Master Mix
(Agilent Technology, United States), Maxima SYBR Green qPMRBster Mix
(Fermentas, Germany) @G gPCR Master Mix (EURX, Poland)] and mixture of
specific forward and reverse primer (0.6 pM eadhyo-step cycling protocol involving
amplification of PCR product and generation of melting curves was used for all
gRT-PCR analyses. The amplification step includes 3 minutes of polymerase activation
at 95°C and 40 cycles of PCR product synthesis, each consistilty s#conds of DNA
template denaturation at 9& followed by 30 seconds of primers annealaigs0°C

and 30 seconds of product extension at@2Afterwards PCR products were denatured
for 15 seconds at 98C followed by temperature decrease to°@Dand subsequent
increase from 60C to 95°C at a ramp speed of 0°& s’. While the temperatue
increased fluorescent data were continuously collectedcteatemelting curves for
PCR product.
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All analyses were performed for at least two biological replicates representing
independent RNA isolations and analyzed in three technical replitat@sqRT-PCR
analyses, aontemplate control was included to test the purity of the used reagents and

assesfor primerdimer formation.

2.5.4Standardizationand quantification of QqRTFPCR results

Transcripts levels of all analyzed genes were normalized to the transcript |&&Pof
gene (At3g18780), which was shown to be constitutively egpresn all vegetative
tissues aall developmental stag€n et al. 1996) In expression analyses perfaethat
the Max Planck Institute of Molecular Plant Physiology (Golm, Germany) for plants
subjectedd longterm cold stresgranscripts of four geneéct2 (At3g18780) GAPDH
(At1g13340), EXPRS (At2g32170) and PDF2 (Atlg13320) were used for
normalization.The expressiotevel of all analyzed genes wasiantified using 2*
method as described biivak and Schmittigen(2001) In 2®®' equation, qiCt
corresponds to the difference in Ct (threshold cycle) values betiwegaene of interest
and gene used forormalization e.gAct2 (qCt = qiCt samplel GCt act2), Whereasp i@t is
the difference inqCt betweenthe analyzed (. Kasl) and reference (Cdl)

A. thalianaaccessiont @t = qCt kas1 T gECt col0)-

2.5.5Statistical analyses

The significance of results obtained PRRT-PCR analyses was analyzed using the
ANOVA or St u d e-tedt. dnsadditionthe expression ratio results were tested for
significance using the randomization test provided in the REST software
(Pfaffl et al.2002)

2.6 Protein isolation and analyses

2.6.1Protein isolation

Total protein extracts were isolated as describedViaytinezGarda et al. (1999)
100 mg of plant material was ground in 180 pl buffer E (125 fimMd-HCI, pH 8.8;
1% (w/v) SDS; 10% (v/v) glycerol;50 mM sodium metabisulfite) using plastic pestle

until the mixture was homogenous and immediately placed on ice. When all extracts
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were prepared, the tubes were warmapdo room temperature to resolubilize SDRlan
subsequentlyantrifuged for 10 minutes at @80 x g to remove cell debris. An aliquot

of supernatant (10 pl) was used to determine the protein concentration using a DC
Protein Assay (BioRad, United States). The reminder was diwitéd1/10 volume of

buffer Z (125 mM TrisHCI, pH 6.8; 12% (w/v) SDS; 10% (v/v) glycerol; 22% (v/v)
b-mercaptoethanol; 0.00% (w/v) bromophenol lne) and either directly used for
SDSPAGE separation or stored-80 °C.

2.6.2 Protein quantification

Total protein concentration was estimatesing theDC Protein Assay (Bio&d, United
States).This modified Lowry assays based on the reaction of protewmith an alkaline

copper tartrate solution and the subsequent reductithre 8blin reagent by theopper

treated protein. The reduction of Folin reagent results in the production of several
reduced species which have a characteristic bbleur with maximum absorbance at

750 nm(Peterson, 1979)n the assayl0 pl of standardBSA sampleq0-15 pg) or

protein samples were mixed with 25 pl of buffer E (for recipe see 2.6.1.), 125 ul of
Reagent A supplemented with Reagent S and 1 ml of Reagent B. The absorbance was
measured spectrophotometricaliyltrospec 2100 pro, Biochrom Ltd, Englandj

750 nm after 15 minutes of incubation at room temperature. The protein concentration

in theisolated samples was estimated fromdtamdard curve of BSA.

2.6.3 Electrophoretic separation of proteins (SIPAGE)

Proteinswere separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDSPAGE) according toSchagger and von Jagow (198 During SDSPAGE,
proteins are separated according to their mdédecmass. The electrophoresis was
performed in the presence obdium dodecyl sulfi®@ (SDS), anegatively charged
detergent binding to proteins (oaaion of SDS per two amino adidsidues), masking

thar intrinsic electrical charge and giving them negative charge. The negative charge is
proportional to the length agbolypeptide chaintherefore it is possible to separate
proteins approximately according to their molecular mass, not to the electrical charge.
The eletrophoresis was performed irdescontinuougel system, in which proteins due

to the differences impH between gel andunning buffer in the tank werdirstly
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concentrated at the border of stacking and resolving gels in the sharp narrow band and
then separated in the resolving gel according to their molecular weight.

Freshly prepared 1% resolving gel soltion (375 mM TrisHCI, pH 8.8; 12% (w/v)
acrylamide, 0.32% (w/v) bisacrylamide; 0.1 % (w/v) SDS, 0.1% (w/v) APS;
0.04% (v/v) TEMED) was filled between two glass plates and subsequently overlaid
with water to avoid contact withmolecular oxygen, which can inhibit the gel
polymerization. After polymerization initiated by the tertiamine (TEMED) and
catalyzed by ammonium persulfate (APS) watas discarded and thedb stacking gel
solution(6 mM TrisHCI, pH 6.8; 5% (w/v) acryamide; 0.13% (w/v) bisacrylamide;
0.1% (w/v) SDS, 0.1% (w/v) APS; 0.09 (v/v) TEMED) was poured on the top of
resolvinggel. Samples loaded into individual lanes of polyacrylamide gel were prepared
by mixing 4 volumes of proteinasple with 1 volume oSDSPAGE loading buffer
(650 mM TrisHCI, pH 6.8; 50% (v/v) glycerol, 20% (w/v) SDS;0.025% (w/v)
bromophenol blue; 2% (v/v) b-mercaptoethanol) and subsequent protein denaturation
in presence ofeducing agents (DTT an@tmercaptoethanolfior 15 minutes a6 °C.
Afterwards, proteins were sepamia 1x SDSPAGE running buffe(25 mM TrisHCI,

pH 8.3;200 mM glycine; 1% (w/v) SDS for approximately2 hours at 100 VFor
estimation of the molecular mass of separated proteins PageRBlestained Protein

Ladder (Fermentas, Germany) was loaded in parallel with the samples.

2.6.4Electrophoretic transfer of proteins

In order to make the separated by SBSGE protens accessible tantibody detection
they weretransferred from the polyacrylamide gel onto the nitrocellulose membrane
(Whatman, Germanyip FastBlot B44 (Biometra, Germany) usiagemidry blotting
method. Equilibrated for 5 minutes in the transfer buf2® mM TrisHCI, pH 8.3; 150

mM glycine; 10% methandl gel and membrane were assembled between six layers of
filtker paper (Schleicher & Schuell GmbH, Germangbaked in transfer buffelhe
transferwas performed for 1 hour abnstant current of 2 mAep cnf of the membrane.

The efficiency of the transfer was checked swining of the membrane with

0.2 % (w/v) PonceausS in % (v/v) acetic acid.
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2.6.5Immunodetection with specific antibodies

Proteins bound to the nitreltulose membrane wemetectedimmunologically using
specific primary antibodies. Afterwards menaloe was probed with secondary
antibodies able to recognize primary antibodies and conjugated to an enzyme
(e.g. horseradish perimlase, alkalie peroxidase), which cleaveschemiluminescent
substrate producing the luminescence in the proportion to the amount of protein. After
the semidry transfermembrane was washed for 10 minutes with TBS bu#érngM
Tris-HCI, pH 7.6; 0.8% (w/v) NaCl) and subsequently blocked byeawaight incubation

in 5% (w/v) fat-free milk powder in TBS toavoid unspecific binding oéntibodies.
Afterwards membranewas washed three times for 10 minutes with TBS buffer
supplemented with 0.% (v/v) Tween20 (TBST buffer) and incubated for 1 hour with
polyclonal primary antibodies in TBS buffesele Table 2 for alist).

Table 2-4. List of primaryantibodies used for protein analyses.

Target Antibody Dilution
Supplier (with TBS buffer)
2CPs anti-2Cps 1:5000
(Baier and Dietz, 1996)

Csd?2 anti-CSD2(AS06 170) 1:2000
Agrisera, Sweden

APXS anti-APXs (AS08 368) 1:2000
Agrisera, Sweden

GPxs anti-GPXs (AS04 055) 1:5000
Agrisera, Sweden

PrxQ anti-PrxQ (AS05 093) 15000
Agrisera, Sweden

GR anti-GR (AS06 181) 1:2000
Agrisera, Sweden

C-tubulin anti-TUA (AS10 680) 1:1000

Agrisera, Sweden

After incubation with primary antibodieshe membrane was washed onf

15 minutes and three times for 5 minutes with TB®uffer to remove unbound
antibodies and subsequently probed for 45 minutes at room temperature with
horseradishperoxidaseconjugated artiabbit secondary antibody (Sigraddrich,
Germany) diluted with TBS buffer in a ratio of 1:10 000.
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2.6.6Chemiluminescent dection of proteins

After incubation with the secondary antibodiése membrane werewashed oncéor

15 minutes and threémes for 5 minutes with TBS buffer to remove unbound
antibodies and subsequently subjected to the chemiluminescent detegtimwteats.
Detection was performed usinghe Western Lightin§ PlusECL Enhanced
Chemiluminescence Substrate (PerkinElmer, United States) and chemiluminescence
imager (ImageQuaff LAS 4000 Mini Biomolecular Imager; GE Healthcare, United
States)In this asay horseradish peroxida@e¢RP) conjugated to secondary antibodies
catalyzes the oxidation of luminol to-&@ninophthalate by hydrogen peroxide. As
oxidized luminol decays to its ground state, emits-lo@nsity light at 428 nm, which

can be detected byhemiluminescence imagers. Since horseradish peroxidase is
complexed on the membrane with the protein of interest, the amount of light which is
emitted during reaction catalyzed by HRP dsrectly correlatedwith the amount of

protein on the membrane.

2.6.7Quantification of protein levels

The optical density of the bands detected by the chemiluminescent imager was
quantified usinghe Lablmage 1D software (Intas, Germankgvels of the analyzed
proteins were normalized to large subunit of ribbdebisphosphate carboxylase
oxygenase (RuBisCO) level detected in the same lane due to the background activity of
the primary antibodies (Agrisera, personal communication). Moreoweverify the
accuracy of the gquantification, analyses of twofold dilutemries of he respective
protein sample were performed ahe precision of the samples loading was controlled

by detection otktubulin levels.

2.7Pigment analyses

2.7.1Determination of chlorophyll content

Total chlorophyll (Chl) was extracted from-20 mg of frozen plant material in 1 ml
80 % (v/v) acetone. Followingvernight incubation of plant extracts-a0 °C, samples
were centrifuged(Microcentrifuge 5424, Eppendorf, Germanfgr 5 minutes at

10000 x g to remove cell debri€lear supernatants obtained after centrifugation were
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analyzedspectrophotometricallyUltrospec 2100 pro, Biochrom Ltd, Englanak) 647

and 664 nm Chlorophyll a (Chl a) and b (Chl b) contents were calculated from the
absorbance at given wavelengths adoay to Porra (2002)py the following equations
and standardized on fresh weight

Chla[ e g/ ml ] Agul 2,35XRsly X
Chl b [ € g]/: Qﬂ,Bl XA647'|' 4,91 XA664

Chla+b[ e g/ ml ] Agst+ 7TB¥XxAkb6 X

2.7.2 Determination of anthocyaninontent

Anthocyanin content was determined spectrophotometrigallyamples olasiined by
extraction of 50 mdrozen plant materiah methanol containing % (v/v) HCI. After
incubationfor an hourin the darkness, samples were centrifuged (Microcengifug
5424, Eppendorf, Germany) for 5 minutes1&t00 x gto remove cell debris. Clear
supernatants obtained after centrifugation were analyzed spectrophotometrically
(Ultrospec 2100 pro, Biochrom Ltd, Englarat)530 and 657 nm. Anthocyanin content
was calclated accading to Mancinelli et al. (1991) by the following equatiorand

standardized on fresh weight:

As30 corr.= Aszol 0,2 X Ags7
2.8 Histological detection of ROS

2.8.1Detection of superoxide radical anion (NBT staining)

Histochemical detectio of superoxide radical anio(r@f) was performedn situ with
nitroblue tetrazolium (NBT) according tEawarYamadaet al. (2004) Firstly the
leaves were vacuwinfiltrated for 10 minutes with 10 mM sodium azide in PBS buffer
(73 mM sodium chloride; 3 mMpotassium chloride; 10 mM disodium hydrogen
phosphate; 2 mM monopotassium phosphate; 18 to inhibit the activity of
peroxidases present in plant cells and then again vamfilirated with 1 mg mif NBT

in PBSfor 4 to 8 hours in the darknessuperaxide detection is based on the reaction of
NBT reduction byOZAto dark blue, wateinsoluble formazanThe amountof formed
formazanis correlated with the contemtf superoxide produced in the plant tissue.
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Finally, to improve the visibility of the blugrecipitate,chlorophyll was removed by

incubation of leavem aboiling mixture of acetic acid, glycerol and ethanol (1:1:3)

2.8.2Detection of hydrogen peroxide (DAB staining)

Hydrogen peroxide was detectedsitu by overnight vacuurmfiltration of leaves in a
solution of 1 mg mt 3, -Gigdninobenzidine (DAB) inPBS buffer according to
Vanackeret al. (2000) The assay is based on the reaction of DAB oxidation by
hydrogen peroxide leading to the formation of dark brown precipitate. To better
visudize obtained precipitatehlorophyll was removedy incubation of leaves in

aboiling mixture of acetic acid, glycerol and ethanol (1:1:3).

2.8.3Quantification of ROS levels

Before the quantification of ROS levels the photbsistologically stained with either
NBT or DAB leaves were taken using NikDX3100 camera (Nikon, Japamfterwards

the photos were subjected to the digital processing using GIMP 2.6.11 software
including contrast improvement and the backgrowadbur correction.The processed
photoswere saved a32-bit blackandwhite images and used fquantification of ROS
levels using ImageJ softwaf&chneideret al. 2012) Firstly, the lower andupper
threshold values were st segment the grayscale picturgoi the stained area and
background, secondly tiveholeleaf area was marked afidally the stained area of the

leafwas calculateéh [%)].
2.9 Superoxide dismutase activity assay

2.9.1Protein isolation

Total protein extracts were prepared by homogsiun of 200 mg oA. thalianaleaves
in 1.2 ml of icecold extraction buffer (50 mM ¥PQO, pH 7.6; 10 % (v/v)
glycerol; 0.1% (v/v) Triton X-100; 1 mM EDTA; 1 mM EGTA; 1 mM PMSF,;
0.05% b-mercaptoethanol; 0.1 mg thIBSA). The homogenization was followed by
centrifugation (Centrifuge 5415R, Eppendorf, Germany) for 30 mirattd€)00 x g
and 4°C. The supernatant obtained after centrifugatias directly used for separation

of proteinsby native polyacrylamide geledtrophoresis.
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2.9.2 Protein quantification

Total protein concentration was estimated uding BioRad assay(BioRad, United
Statespased on the method of Bradfd@radford, 1976)This assay uses the ability of

the acidic solution of Coomassie Brilliant Blue250 to shift the absorbance from
465 nm to 595 nm when binding to the protein occurs.

For protein quantification 10 pbf standard samples of BSA-RD ug) or protén
samples were diluted with 790 ul of water and 200 pl of BioRad Protein Assay reagent
was added. The absorbance wasasured spectrophotometrically (Ultrospec 2100 pro,
Biochrom Ltd, Englandat 595 nm after 10 minutes of incubation at room temperature.
The protein concentration in isoldtesamples was estimated from a BS#andard

curve

2.9.3Native polyacrylamide gel electrophoresis

Proteins were separated by native polyacrylamide gel electrophoresis {RABIE).

In contrast to SDFPAGE (see 2.6.3 the NativeePAGE includesno negatively charged
detergent (SDS), which masKsetintrinsic charge of proteinsh&refore in this type of
electrophoresis the migration distance of proteins dependtheir chargesize and
shape(Wittig and Schagger, 28). As in the case of SDBAGE, NativePAGE was
performed in aliscontinuous gedystem.

All gels were freshly prepared at’€. 12 % resolving gel solution (375 mM Tri<Cl,

pH 8.8; 12% (w/v) acrylamide, 0.326 (w/v) bisacrylamide;10 % (v/v) glycero]

0.1 % (w/v) APS; 0.04% (v/v) TEMED) was filled between two glass plates and
subsequently overlaid with water. After polymerization initiated by the teréiarnne
(TEMED) and catalyzed by the ammonium persulfate (APS) water was discarded and
the 5 % stacking gel solution (6 mM THBICI, pH 6.8; 5% (w/v) acrylamide;
0.13 % (w/v) bisacrylamide; 10% (v/v) glycero] 0.1 % (w/v) APS; 0.09% (v/v)
TEMED) was poured on the top of resolving gel. Samples loaded into polyaaglami
gel were prepared by mixing fouwrolumes of protein sampleontaining 50 pg of
proteinswith onevolume of loading buffe(650 mM TrisHCI, pH 6.8; 50% (v/v)
glycerol; 0.025% (w/v) bromophenol blue) on ice to prevent protein denaturation.
Native PAGE was performed at 4C in 1x NativePAGE running buffer (25 mM
Tris-HCI, pH 8.3; 200 mM glycingfor approximatel\8 hours at 35 mA
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2.9.4S0D activity detection

Superoxide dismutase (SOD) activity assay was performed accordiBgatcchamp

and Fridovich (1971)The assay is based on the ability of superoxide dismutase to
inhibit the reduction of nitroblue tetrazolium (NBT) to dark blue formazan by
photochemically generated from riboflavin superoxide.

Following the NativePAGE gels were siaed for 20 minutes in 50 ml of SOD assay
buffer (50 mM KHPOJK,HPQ, pH 7.8;0.1 mM EDTA; 0.32 mg mt NBT;

20 pg mi* riboflavin; 0.4 % (v/v) TEMED) in the darknessAfterwards gels were
exposed to light to observe development of wiémds corresponding to the sites,
where superoxide dismutase was active. Different SOD isoforms were identified in
inhibitor studies performedas by Kanematsu and Asad@l990) Two different
inhibitors of SOD activity, potassium cyanide or hydrogen pexivere applied. For
identification of MRSOD SOD assy buffer was supplemented withmM H,O,, an
inhibitor of Cu/ZrSOD and FE&OD activities, whereas F®OD was identified after
incubation in SOD assay buffer containing 2 mM KCN inhibiting Cu&Ds.

2.10Sequence analyses

Single nucleotide polymorphisms (SNPs) in genes encoding enzymes and regulators of
chloroplast watewater cycle in different accessions Afabidopsis thalianawere
identified usingthe GE Browser 3.0 (http://signal.salk.edu/atg14300/gebrowser.php).

The nucleic acids sequences of genes from different accessionslugteeedbased on

the sequenceimilarity using the DNA Identity Matrix/Unity Matrix of ClustalW
(http://www.ebi.ac.uk/Tools/msa/clustalw2/)The following settings fo multiple
sequence alignment were chosen: GAP OREND; GAP EXTENSIONI 0.20; GAP
DISTANCE 1 5, CLUSTERINGT NJ (Neighbour Joining)Afterwards alignments

were edited with JalView (http://www.jalwieorg).
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Chapter 3

RESULTS

3.1 Expression regulation of chloroplast antixidant system among

Arabidopsis thalianaaccessions

The model plantArabidopsis thalianas a small annual weed of the mustard family
widely distibuted throughout western and central Europe, seas Asia, as well as in
the midAtlantic and the Pacific norttvestern United Statesto southwestern Canada
(Hoffmann, 2002)Across its latitudinal range (from 68l to equator)t is exposed to

a wide range of climatic conditions. In response to this substantial environmental
variation many adaptive traits evolvédoornneefet al. 2004) So far, considerable
natural genetic variation amorg thalianaaccessions for such traits as flowering time
(Alonso-Blancoet al. 1998) seed siz€Alonso-Blancoet al. 1999), circadian rhythms
(Swarup et al. 1999) as well as tolerance to bioti(Kunkel, 1996)and abiotic
(Hannahet al. 2006; Bouchabket al. 2008; Lefebvreet al. 2009; Katoriet al. 2010;

Bai et al.2012; Zutheet al.2012)stresses, has been described.

Although the differences in the stress responses and acclimation obsamveag

A. thalianaaccessionfiave been studiedery little is known about natural variation in
theregulation ofchloroplast antioxidant systerBince, this system has an essential role
in neutralization of reactive oxygen species (ROS) aradection of plant cells from
caused byhemdamage of pr&ins, nucleic acids and lipigdsada, 1999; Templet al.
2005) it is very important tacheck whetherts regulationdiffers amongA. thaliana
accesions and, if yes, whether tli#fferences were introduce® this systenduring
evolution procest easeadaptatiorof accession$o various climatic conditions at their
natural habitats. It is known that in such adaptation the regulation of gene expression
plays a key rolgStone and Wray, 2001; Vuylstele# al. 2005; Delkeret al. 2010)
Therefore, basednathe €t of transcript, polysomal RNANnd protein data gerated for
population of seve\. thalianaaccessiongsee Figure & for photos) namely Col0
(N1092), Kasl (N1264), Cw0 (N1096), Ms0O (N1376), WS (N1602), C24 (N906) and
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Van-0 (N1584),natural variation in expressional dynamic of the chloroplast antioxidant

system will be discussed.

Figure 3-1. Habitus of 6weekold accessions ol
A. thaliana used in the studies of expressior

regulation of chloroplast antioxidant system.

The accessions were selected to cover a wide rang@thiern habitats with contrasting
temperature and precipitation conditiqeeeFigure 32 andTable 21 for details on the

origin and natural habitatspmong all of them, CvD origins from the hottesand

driest climate(average monthly temperature Wween 22 and 27C during entire year

and average monthly precipitation higher than 10 mm only between August and
September). On the contrary, Khscomes fronthe coldest region with the average
monthly temperature betweeid2 °C in winter and 12°C in summer. All of the
remaining accessions (G0 Ms-0, WS and Va#D) origin from continental climates,

but more extreme changes in the temperature between summer and winter are detected
at the natural habitats Ms-0 and WS (cold winters and relatively wasammers) than

for Col-0 andvan-0 (relatively warm winters and summers).
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Figure 3-2. Average monthly temperaturd) and precipitation &) at the natural habitats of selected
A. thalianaaccessions.

Growing such different accessions under the same environmental conditions enables
studies of the genetic variation in many traits. Here, the expression regulation of
chloroplast antioxidantsystem will be analyzedn accessions -cultivated under
growth conditions optimized for Gd (day / night temperature of 20 °C / 18 &ad
120pumol m? s light with a 10 h light 14 h dark photoperiod).

3.1.1 Regulation at the transcript level

Variation in the transcript abundance, termed expression level polymorphism (ELP),
influences quantitative phenotypic variatiioerge, 2002)To study such variation at

the transcript levelunder different developmental and physiological conditions
microarrays and quantitative retine PCR (QRTPCR) analyses are routinely used
(Hannahet al. 2006; van Leeuweret al. 2007; Zutheret al. 2012) Here, natural
variation in the chloroplast antioxidant system at the transcript level among seven
A. thalianaaccessions was analyzed using ¢fRIR.

Special attention wagiven to the genes encoding kBYDSneutralizing enzymes of

this system, namel€sd2(At2g28190),2CPA (At3g11630),2CPB (At5g06290),PrxQ
(At3g26060), PrxIIE (At3g52960), sAPx (At4g08390), tAPx (Atlg77490), GPx1
(At2g25080),GPx7 (At4g31870),MDHAR (At1g63940),DHAR (At1g19550) andsR
(At3g54660) The enzymes encoded by selected genes are responsible for dismutation
of superoxideadical anionto hydrogen peroxide(sd?, reductian of H,O, to H,O in
ascorbatendependent2CPA 2CPB PrxQ, PrxIIE, GPx1 and GPx?7 or ascorbate
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dependent mannesAPxandtAPX), as well as for regeneration of oxidized ascorbate
generatedn the reaction catalyzed by ascorbate peroxiddd&HAR, DHAR andGR)
(Asada, 1999; Baier and Dietz, 1996)

The transcripts of selected genes were detected usingPGRT and genspecific
primers (see Table-2 for a list).The specificity of theeprimers was verifiedftereach
gRT-PCR reactiorby analyses of mehig curves generated g this reaction in the
CFX96 thermocycler (BioRad, United States) am@ electrophoretic separation of
obtained PCR produgin 1% (w/v) agarose gelin all casesnelting curves displayed

a single sharp peak and géctrophoresis resulted in a single product of desired length

indicating thatusedprimerswere highly specifi¢Figure 33).

1 2 3 4 5 6 7 8 9 FORSF MR 24 13

400 4

300

200 7

-d{RFUdT

100

Temperature, Celsius

Figure 3-3. Specificity of the primers used in qFRHCR analysesA. Agarose gel electrophoresis
of PCR products amplified witd. qPCR_2CPA, 2. qPCR_2CPB, 3. gPCR_PrxQ, 4. qPCR_PrxIIE,
5. gPCR_sAPx_1, 6. qPCR_tAPx, 7gPCR_MDHAR, 8. gPCR_DHAR, 9. gPCR_Csd2 1,
10. gPCR_GR, 11. gPCR_#%; 12. gPCR_GPx1,3. gPCR_GPxpairs of primers (in parallel with PCR
products PageRuler 100 bp DNA laddén was separated) ar8. Melting curve obtained for PCR
product amplified with qPCR_Act2 primers pair.

Moreover,standard curves obtained for each tested primer pair afteiPgHRI reaction
performed for 1€fold dilution series of cDNAsynthesized from total RNA of G@had
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an eficiency of 100 %+ 10 % and Rvalue higher than 0.99, indicatirigat mRNAs
encoding all analyzed chloroplast antioxidant enzymes were amplified iRPGRT

reactions with high efficienciggigure 34).
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Figure 3-4. Standard curve generated for-fold dilution series of cDNA (synthesizdbm total RNA of
Col-0) amplified in a qRTPCR reaction using qPCR_Act2 primers pair.

As soon as the sequence data foaalllyzedgenes and accessions became available in
the 1001genome projec{Cao et al. 2011) the binding efficiency of the primers
designed for CeD to the gene of interestasalsotestedn accessionsther than CaD.

The comparison of sequences recognized by the used primers in the gene of interest of
all selected accessiomsvealed single nucleotide polymorphisms (SNPsTgu?2 of
Cvi-0, 2CPBof Kas1, Ms0, WS and C24PrxIIE of Kas1, PrxQ of WS, MDHAR of
Cvi-0, Ms-0, C24 and Va® and inDHAR of Kas 1, Cvi0 and WS(Figure 35). Such
sequence variatiomight affect thebinding affinity of used primers tdhe gene of
interest andead to the lack of amplicorilherefore, it was verified wheth&sd2
2CPB, PrxlIE PrxQ, MDHAR and DHAR in accessions, which show sequence
variation, ould besynthesizedThe analysesshowed that tested genes were amplified
even in the accessions containing SNPs (Figufg. However, the efficiency of
amplificationin these accessiomsight be affected. Aereforge as soon as the sequence
data for all selected accessions became available primers binding in the regions

without SNPs were designed.
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Figure 3-5. Primers used
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GACACACGGAGLCTCCAGAAG

A
ATGACACACGGAGCTCCAGAAG
ATGACACACGGAGE CC.GA&G
ATGACACACGHRAGCTCCAGAAG
ATGACACACGGEAGCTCCAGAAG
ATGACACACGGAGCTLCCAGAAG
ATGACACACGHRAGCTCCAGAAG
, 10 %D
TCATACCCTC CGECATC
CCCTACACTC CGGCATC
TCATACCCTC CeEGCATLC
CCCTACACTC CGECATC
CCCTACACTC CGGCATC
CCCTACACTC CeEGCATLC
TCATACCCTC CGECATC
, 10 %D
CAGTAACCGTCTCATCCCTAALC
CAGTAACAGTCTCATCCCTAAL
CAGTAACCGTCTCATCCCTAAL
CAGTAACCGTCTCATCCCTAALC
CAGTAACCGTCTCATCCCTAAL
CAGTAACCGTCTCATCCCTAAL
CAGTAACCGTCTCATCCCTAALC
1D . %D
GEAGCA GCCAGERGA
GEAGCA GCLCAGGGA
GEAGCA GLOCAGGGA
GEAGCA GCCAGERGA
GEAGC GCCAGEGA

GEAGCA
GEAGCA

GLOCAGGGA
GCCAGERGA

10

20

GEGAGAAACAG GAGG G
GOGAGAAACAGTGCSG AGE GG
GEGAGAAACAG GAGG GG
GEGAGAAACAG GAGG G
GOGAGAAACAGTGCSG AGE GG
GEGAGAAACAG GAGG GG

GEGAGARAACAG GAGG G

GAP«CCP«ICIC&AG&G C-ACGATGS
E
g

GCACCACCGLAAGAGTE . ACGATGS
GAACCACCOLAAGAGTE - ACGATES
GAACCATCTCAAGAGTE - ACGATGS
BCACCACCGLAAGAGTEOACGATES
GAACCAICICAAGAG L-ACGATGE

CAAGAGTE- ACGATES

GAACCATC

Col-0

Cvi-0

Kas-1 Ms-0 WS

Cvi-0 Ms-0 C24

Kas-1 Cvi-0 WS

in gRPCR analysesA. Comparison of sequences recognized by

forward or reverse primers in genes encoding chloroplast antioxidant enzymesich SNPs

were detected;B. Agarose gel electrophoresis of PCR products amplified in accessions

containing SNPs in the sequences recognized by primers designed-far Col

All gRT-PCR reactionswere performed for RNA samples isolated out eféekold

rosettes ofA. thalianaaccessions grown on soil (for description of growth conditions

see 2.2.1) At this developmental stagall plants used fomanalysesdid not show
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symptoms of senescenchad well expanded leavesnd no visible inflorescence
(see Figure A for photos).

The transcript abundances afi genesencoding key chloroplast ®&S-neutralizing
enzymesdn selectedA. thalianaaccessions werealculated relativelyo the expression

of the same gene in the refereramessiorCol-0 (the relative transcript levebf all

genes of interestin Col-0 wereset as 1jand standardized ohée transcript level ofct2

gene (At3g18780Q)which was shown to be constitutively expressed in all vegetative
tissues at all developmental stagan et al. 1996)

For eachaccessionthree biological replicates, each representing an independent RNA
isolation fromsingle independently grown plant, were analyzédl. analyses were

performed in three technical replicates.

3.1.11 Copperzinc superoxide dismutase (Csd2)

Copperzinc suproxide dismutase (Cu/Z80D, CSD2 is a key element of the
chloroplast antioxidargystem. i catalyzes the dismutation of superoxide radical anion
to hydrogen peroxig, a first step in the defem@against many environmental stimuli
leading to the oxidate stress. So far, natural variation in t@ed2 expression was
studied only forA. thaliana var. Col-0, Cvi-O and Ler(Abarcaet al. 2001) The
analyses revealed that Cuf8®D in Cvi0 is encoded by differenCsd2 allele
(Csd22) than that of CeD and Ler Csd21). Moreover, it was shown that the single
nucleotide polymorphisms (SNPs) detectedsd22 (in comparison withCsd21) led

to two amino acids changes in CSD2 of -Ovand thus, an increase in the isoelectric
point ard reduction of its molity in Native PAGE (Abarcaet al. 1999) Here,the
pattern of different SOD isoenzymesid the expression of chloroplaSsd2 at the
transcript level were analyzéud seven accessions Af thaliana

Different SOD isoenzymes, namely MBOD, FeSOD and bth, chloroplastic and
cytosolic Cu/ZRSODs (Kliebensteinet al. 1998) were visualized by NBT staining of
native polyacrylamide geléBeauchamp and Fridovich, 197The same patterns in
isoenzyme migration as that described for-Cand Ler(Abarcaet d. 2001) were
revealed inKas-1, Ms-0, WS, C24 and Va0, while the accessiorspecific isoform of
chloroplasticCu/ZnSOD (Cu/ZrSOD3) (Abarcaet al. 2001) was detectedonly in
Cvi-0 (Figure 36). Moreover, compad to Col0, the activity of CSD2vas higher in
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Ms-0 and WS, slightly lower in Ka$ and almost not deteciabin C24 and Vai®
(Figure 36).

Col-0 Kasl Cvi0 MsO WS C24 Vaid

Mn-SOD-
Fe-SOD-

Cu/Zn-SOD3

CuZn-SOD1-
Cu/Zn-SOD2-

Figure 3-6. SOD activity assay. Total protein exttadrom leaves of seven accessiafsArabidopsis
thaliana were separated by native polyacrylamide gel electrophoresis. SOD activity assay was
performed as describéd materials and methods. CutBOD11 chloroplastic CiZn-SOD detected in

all accessionsxcluding Cvi0; Cu/ZnSOD2 i cytosolic Cu/ZRSOD; Cu/ZASOD3 chloroplastic
Cu/ZnSOD detected ivi-0; Mn-SODT manganese SOFeSOD-iron SOD.

The subsequent analyses @$d2 expressionalso revealed significant differences in
relative Csd2 transcript levels between almost all analyz&dthaliana accessions,
except Kasl, C24 and Va®, in which similar amoustof Csd2 mRNAs wee

accumulated (Figure-3).

1,8

Csd2
16

—1

14

1,2 4

1,0
0,8

0,6

Relative transcript level

0,4 4

0,2

0,0
Col-0 Kas-1 Cvi-0 Ms-0 W5 c24 Van-0
A. thaliana accessions

Figure 3-7. Transcript level ofCsd2in six accessions oA. thalianarelative to Col0. Different letters
identify groups of significant difference (ANOVA followed by Tukey test with a significance level at
p < 0.01) Lightbluebar corresponds to tieésd2transcript level irthe accession, in whidhe sequences
recognized by the gPCR_Csd2_1 primers pair contain SDéra.are meattSD from three independent

biological replicates, each analyzed in triplicates.
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In comparison with reference accession (Opl lower Csd2 transcriptlevels were
observed for WS (0.18 0.02 relative to CaeD), Kas1 (0.57x 0.04 relative to CaeD),

C24 (0.57% 0.03 relative to CeD) and Var0 (0.65% 0.04 relative to CeD). Among
thesefour accessions, the lowest level of this transcript was detected for WS, in which
the Csd2 mRNA abundance was less than 20 % of that observed wd,Gdlowing

more than fivefold reduction. On the contraBgd2transcript level in CvD and Ms0

was about 50 % and 20 %higher than in ColO, respectively.Since the sequence
recognized by used primers @sd2of Cvi-0 contairs SNPs andherebybinding of this
primers pair might be affectethe relativeCsd2transcript level in this accession could

be esen slightly higher than that measuredthe following analyses. It indicatethat

the accumulation ofCsd2 mRNA in CviO was the strongest among all tested

A. thalianaaccessions.

Further comparison of selected accessions revealed that in almost all of them (except
WS) the transcript levels @@sd2were well correlated witlthe activity of encoded by

this mRNA protein (Figures & and 37). Thus, CSD2 wasmore active than in Cd)

only in Ms-0, which also accumulated high amountstiZmRNA. In contrastlower

than in Col0 activity of CSD2was detectedh Kas1, Van0 and C24, in which also
Csd2transcript abundansewerelower than in Col0. Only in WS low levels ofCsd2
transcipt were correlated with high activity of protein, indicating accessjmecific

regulation ofCsd2expression and CSD2 activity.

3.1.12 Enzymes dheascorbateindependent watewater cycle

In chloroplasts ofArabidopsis thaliangour peroxiredoxing2CPA, 2CPB, PrxQ and
PrxIllE) and wo glutathione peroxidases (GPX1 and GFXeducehydrogen peroxide
to water in ascorbatendependent maner (Dietz, 2011; Foyer and Shigeoka, 2011)
So far, the expression regulation of peroxiredoXiPRXs) and glutathione peroxidases
(GPXs)in A. thalianawas studied only in Céd backgroundBaier and Dietz, 1997;
Horling et al. 2003; Soitamcet al. 2008) Here, the transcript levels of all chloroplast
Prxs and GPxs namely2CPA 2CPB PrxQ, PrxIIE, GPx1and GPx7, were analyzed

and comparedh seven accessions Af thaliana
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PeroxiredoxinsZCPA 2CPB PrxQ andPrxIIE)

The analysesf transcript level®f genes encoding chloroplast peroxiredoxins, namely
2CPA 2CPB PrxQ andPrxIIE, revealed that albf themwereexpressedh all selected

A. thalianaaccessiongFigure 38). Among them 2CPAtranscriptwas accumulated at
the highest level in almost all tested accessions, excefft Mswhich accumulation of
MRNA encodingPrxQ dominaed. In contrast, in all accessiofise abundance of

PrxIIE transcriptwas the lowest among testedks.
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e H 2CPA
H2CPB
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HPrxQ
H PrxllE
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Transcript level

Col-0 Kas-1 Cvi-0 Ms-0 WS c24 Van-0
A. thaliana accessions

Figure 3-8. Comparison of2CPA (blue bars),2CPB (red bars),PrxQ (green bars) an@®rxIIE (violet
bars) transcript levels in seven accessioné.dhaliana Different letters identify groups of significant
difference (ANOVA followed by Tukey test with a significance level at p < 0.@ata are meatSD

from three independent biological replicates, each analyzed in triplicates.

Sincetwo of the aalyzed chloroplast peroxiredoxins, namely 2CPA and 2CPB, belong
to the family containing two cysteine residuesQys peroxiredoxins), the paralogue
variation in their transcript level2 CPAvs. 2CPB) could be analyzed (Figure&. The
analyses revealdtiat all tested accessions accumulated more mRNXC&Athan that

of 2CPB but 2CPA/ 2CPBratio strongly differed between accessions (FiguBabd
Table 31). It indicated that the expression 2CPBis regulated at the transcript level
independentlyrbm that of2CPA

Col-0 Kas-1 Cvi-0 Ms-0 WS C24 Van-0

2CPA2CPBratio 6.90 18.12 4.25 3.33 7.85 42.47 2.89

Table 3-1. 2CPA2PBratioin selected accessionsAfthaliana
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Strong variation observed in the transcript levels of all chloroplast peroxiredoxins in
selected accessions prompted for further analyses ohdhemulationof mRNAs

encoding particular PRXa these accessions (Figur®
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Figure 3-9. Transcript levels oA. 2CPAandB. 2CPBin six accessions d&. thalianarelative to Col0.
Different letters identify groups of significant difference (ANOVA followed by Tukey test with
a siquificance level atp < 0.01).Light green bars correspond to tR&€PB transcript level in the
accessions, in which the sequences recognized by the gPCR_2CPB_1 primers pair contdataNirs.

meantSD from three independent biological replicates, each analyzed in triplicates.

Relativeto reference accession (Go), significantly higher transcript accumulation of
2CPAwas detected in C\@ (1.57+ 0.06 relative to CeD), WS (1.31+ 0.12 relative to
Col-0) and C24 (2.0& 0.06 relative to CaeD) (Figure 39). In contrast, the level of
2CPAMRNA in Ms0 (0.11+ 0.05 relative to CeD) was approximately tenfold lower
than that in CaeD (Figure 39).

The accumulation of the transcript encoding the sece@g2peroxiredoxir(2CPB) in
comparison with CeD, was significantly higher in C\@ (2.55+ 0.18 relative to CaeD)
and Van0 (1.47+ 0.07 relative to CeD), similar in WS (1.04t 0.08 relative to CeD)
and lower in Kasl (0.30+ 0.05 relative to CaeD), Ms-0 (0.23+ 0.06 relative to CeD),
and C24 (0.3% 0.02 relative to CaD) (Figure 39). However, the sequence 2EPB
recognized by used primers in KhsMs-0, WS and C24 contains SNPs, which could
affect the binding efficiency of the primers. Therefore, rela2i@®Btranscript level in
these accessions might have been higher.

Moreover, the variation in the total transcript levels26iPs (2CPA + 2CPB was
analyzed among all tested accessions (FiguB. 3rhe analyses revealed that, in

comparison with CeD (7.03 + 0.24) 2CPswere accumulated at significantly higher
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level in Cvi0 (11.91+ 0.27) C24(12.93+ 0.20)and WS(9.04+ 0.31) In contrast, the
total transcript levels o2CPsin Ms-0 (0.90 £ 0.05) and Vanr0 (4.79 £ 0.14) were
approximately severand twofold lower than that detected in @glrespectively. Since
Ms-0 andWS, as well as Ced and Var0 origin from similar climates, it indicated that
the expression regulation BCPsat the transcript level is not specifically modulated by

environmental parameters at the natural habitats of tested accessions.
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Figure 3-10. Transcript levels ofA. PrxQ andB. PrxIIE in six accessions d&. thalianarelative to Col0.

Different letters identify groups of significant difference (ANOVA followed by Tukegpt tevith

a significance level gt < 0.01).Light green bars correspond to thexQ andPrxIIE transcript levels in

the accessions, in which the sequences recognized by the gPCR_PrxQ and qPCR_PrxIIE préners pair
contain SNPsData are mearxSD from three independent biological replicates, eanhlyzed in

triplicates.

Among other analyzed peroxiredoxinBr¥Q and PrxIIE), slightly higher transcript
accumulation than in Cd) was observed only fé&trxQin Cvi-0 (1.27+ 0.07 relative to
Col-0) and Ms0 (1.27+ 0.08 relative to CeD) and forPrxllE in Ms-0 (1.20+ 0.02
relative to Col0), while in other tested accessions the transcript levels of these genes

were at least 40 % lower than in &b(Figure 310).

Glutathione peroxidase&PxlandGPx?)

Genome ofA. thalianaencodes two chloroplagflutathione peroxidasessPX1 and
GPX7), both reducing hydrogen peroxide to water in ascorbate independent manner. To
check how the expression of these genes is regulated at the transcript level among
selectedA. thalianaaccessions, thePx1andGPx7mRNA abundances were compared

between all of them (FigureRL).
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Figure 3-11. Comparison of5Px1(green bars) an@Px7 (red bars) transcript levels in sevaccessions
of A. thaliana Different letters identify groups of significant difearce (ANOVA followed by Tukey test
with a significance level at p < 0.01). Data are me&D from three independent biological replicates,

each analyzed in triplicates.

The comparison revealed that all accessions accumulated significantly higher amount o
GPx1transcript than that d&Px7, suggesting that in reducing®, GPX1 playa more
important role than GPX Moreover, the transcript levels GiPx1were generally more
variable between tested accessions than th@Pof7 (Figure 311). Thus,GPx1mRNA

was accumulated in different amounts in almost all accessions (except WS), while the
level of GPXx7 mRNA was strongly variable only between @pIWS, C24 and Va#.

In Kas 1, Cvir0 and Ms0 the transcript o6Px7was undetectable or expressed atlyeal

low level.
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Figure 3-12. Transcript levels oA. GPx1andB. GPx7in six accessions @&&. thalianarelative to Col0.
Different letters identify groups of significant difference (ANOVA followed by Tukey test with
a sigrficance level ap < 0.01). Data are meat8D from three independent biological replicates, each

analyzed in triplicates.
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In comparison withthe reference accessiolCdl-0), twofold lower GPx1 mRNA
abundance wadetectedfor Kas1 (0.45+ 0.03 relative to CeD), WS (0.47+ 0.01
relative to Col0) and Var0 (0.51+ 0.03 relative to CaeD). On the contrary, the
strongest accumulation of th&Px1 transcript wasobserved inMs-0 (1.54 + 0.04
relative to Col0) (Figure 312).

The steadystatemRNA abundance measured fePx7was lower than that for Cdl in
almost all tested accessions, except C24 (2119 relative to CeD) and Var0
(1.32 £ 0.11 relative to CeD). Among them, he strongestreduction in the
accumulation of this mRNAwas detected for Kas (undetectable level), CGa

(0.07£ 0.02 relative to CeD) and Ms0 (0.04+ 0.02 relative to CeD) (Figure 312).

2-Cys peroxiredoxins vs. glutathione peroxidases

Among genes encoding the enzymes of chloroplast ascanoeendent watewater
cycle, the strongest differences between seleftdtialianaaccessions were observed
for transcript levels 02CPsand GPxs(Figures3-8 and 311). Since, enzymes encoded
by these genebavein chloroplast ofA. thalianaoverlappingfunctions, the paralogue

variation in their expression regulation at the transéenel was studied (Figure 13).
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* H2CPs

Transcript level

Col-0 Kas-1 Cvi-0 Ms-0 ws c24 Van-0
A. thaliana accessions

Figure 3-13. Comparison of totaPCPs (green bars) andPxs (red bars)transcript levels in seve
accessions 0A. thaliana The accessions, in whi@CPsare accumulated at significantly different level
thanAPxsare marked with asteriskst@st; p < 0.01).

The analyses revealed thaCPsin almost all tested accessions dept Ms0) were
accumulated at higher level th&Pxs Among them the highest differences between
2CPsand GPxswere detected for Kas, Cvir0, WS and C24, in which the quotient
2CPs/ GPxs was higher than five. The remaining accessions,-0Cahd Var0,
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accumulated2CPsat approximately threefold higher level th&®Pxs In contrast, the
abundance o2CPs mRNAs was lower than that déPxsonly in Ms0. Moreover,
among all of the tested accessions,-Msccumulated the lowest level @CPs
transcripts, butite highest level o6Pxs.It indicated that the low expression2€Psat
the transcript level might be compensated in this accession by elevated |e@&gsof

transcripts.

3.1.13 Enzymes aheascorbatedependent watewater cycle

Besides GPXs anBRXs, two chloroplat ascorbate peroxidases (SAPX and tARre
involved in reduction of hydrogen peroxide to water. They use aseoalsadn electron
donor and are much moreti@e than thiol peroxidases, GPXs and PRXsada, 1999)
A. thalianais one ofthe species, in whictwo different isofoms of chloroplast APX
are not generated, as in spindldhikawaet al. 1997) pumpkin(Manoet al. 1997)and
tobacco(Yoshimuraet al. 2002) from a single gene by alternative splicing, lawe
encoded by two €ferent nuclear genesAPxandtAPX of ancestrabrigin (Jespersen
et al. 1997; Pitschet al. 2010) So far,the analyses oéxpressiorregulationof these
genesat the transcript level inA. thalianawere performed only in Cd) and C24
background (Panchuket al. 2002; Shigeokaet al. 2002) Here, the variation in the
expression regulation agfAPxandtAPx at the transcript level will be analyzed among

seven accessions Af thaliana(Figure 314).
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Figure 3-14. Transcript levels oAA. sAPxandB. tAPxin six accessions dk. thalianarelative to Col0.
Different letters identify groups of significant difference (ANOVA followed by Tukey test with
a significance level ap < 0.01). Data are mearSD from three independent lgical replicates, each

analyzed in triplicates.
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The analyses revealed that the transcript levels of sétRxandtAPx were weakly
variable among selected accessiong\ofhaliana(Figure 314). The amount o$APx

did not significantly differ between G@l, Kasl and C24, as well as between-Bs
WS and Var0. Similarly, the transcript level dAPx was not significantly different
between CaoD, Kasl and WS, as well as between @9IWS, C24 and Vaf. Among

all tested accessions only @¥iaccumulated higher and different than any other
accession amount of botbAPxandtAPx transcripts, indicating that the expression of
chloroplast APxs at the transcript level in this accession is regulated in unique
accessiosspecific manner.

Moreover, the comparison 0$APx and tAPx transcript levels among selected
A. thalianaaccessions revealed that almost all of them accumulated similar or lower
amount of both analyzed transcripts ttiha referenceacessionCol-0 (Figure 314).

The strongesteductionin the transcript accumulation was detectedsi@Pxin Ms-0
(0.53 £ 0.04 relative to CeD), WS (0.55% 0.04 relative to CeD) and Var0
(0.40+ 0.03 relative to Ceb) and fo tAPxin Ms-0 (0.31+ 0.08 relative to CaD). In
contrast,higherlevels of sAPxandtAPx transcriptsthan in Col0 weremeasured only

for Cvi-0, in which both of these genes were expressed at more than twofold higher
level than in CaD.

Since ascorbatperoxidases are encoded in the genom@.ahalianaby two genes,
paralogue variation in the expressionséfPxandtAPx at the transcript leat could be
studied (Figure 45).
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Figure 3-15. Comparison oEAPx(green bars) anthPx(red bars) transcript levels in seven accessions of
A. thaliana Different letters identify groups of significant difference (ANOVA followed by Tukey test
with a significance level at p < 0.01).
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The analyses revealed that @glKasl, Cvi0 and MsO accumulated significantly
higher amounts APxmRNA than that ofAPx while in WS and Vai® higher levels
of tAPX mMRNA than that o6EAPxwere detected. Since, COiorigins from hot, Kad

from cold and the remaining accessions from interatedcontinental climates,
it indicates that the paralogue variation in the expressiofPxfsis not regulated in

habitatdependent manner.

3.1.1.4 Ascoréte-independent vs. ascorbatependent watewater cycle

Baieret al. (2000)showed thain transgenidA. thalianaplants with reduced expression

of 2-Cys peroxiredoxinghe transcripts encoding APXwere accumulated at high
levels Later, experiments performed WB$angasjarviet al. (2008) revealed that the
deficiency of tARX and sAPXin plants exposed to higight stress waslso partially
compensated by-€ys peroxiredoxins. It suggedisat APXs and 2CPs are redundant

and when one of them is absent the second one is accumulated in higher amounts to
take the function of #gamissing one.

To check, whether shiccompensatory mechanisms exo inselectedaccessions of

A. thalianain all of themthe total transcript levels oAPxs (SAPx+ tAPX) were

compared with total transcript levels2EPs(2CPA+ 2CPB) (Figure 316).
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Figure 3-16. Comparison oRCPs(green bars) andPxs(red bars) transcript levels in sevaccessions
of A. thaliana The accessions, in whidCPsare accumulated at significantly different level thsPxs
are marked with asteriskstést; p < 0.01).

Among all of the tested accessions, the lowest transcript lev2{SRgwere detected in

Ms-0 (Figure 316). However, low amounts of these transcripts were not compensated
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by upregulation ofAPxsexpressionSimilar situationwas observed in Va8, in which
lower levels o2CPsand APxsmRNAs than CeD were also accumulateth contrast,
the transcriptlevels of both,2CPsand APxs in Cvi-0 were significantly highethan in
Col-0. It indicated that the expression of bottalgzed geneat the transcript leveh
almost all selected accesss is regulated in parallébgth genesvere up-regulated or
downregulatedl. Only in WS lower accumulation ahRNAs encodingAPxsled to
higher expression dICPs It showed that the comensation mechanisms described by
Baieret al. (2000) and Kangasjanat al. (2008)for Col-0 among tested accessions of

A. thalianais conserved onlyn WS.

3.11.5Enzymes aheascorbaterecycling system

Monodehydroascorbate (MDA) produceadthe reaction catalyzed by ARXs either
rapidly reduced to ascorbate (AsA) by the action of monodehydroascorbate reductase
(MDHAR) or spontaneously converted #sA and dehydroascorbate (DHA). From
DHA ascorbate is regenerated at the expense of glutatii@SH) by dehydroascorbate
reductase (DHAR). The reaction leads to the oxidation of GSH to GSSG, wiianis
reduced to GSH by glutathione reductase (GRAsada, 1999; Foyer and
Shigeoka, 2011)

MDHAR, DHAR and GRare postulated to be the key playgrsnaintainingascorbate
homeostasisn chloroplasts.Such control is of great importance, becausder low
concentration of AsA, the chloroplast ascorbate peroxidases are rapidly inactivated in
the presence of #, (Ishikawa and Shigeoka, 2008)

So far, natural variation ithe expressiomegulationof genes encoding reductases of
ascorbateecycling system has been studmaly in A. thalianavar. Cot0 and Cvi0

(Zhu et al. 2014). Here, transcript levels dfIDHAR, DHAR andGR will be compared
between seven accessions originating from various halffaysre 317).

Among analyzed enzymgthe strongest variation was revealed MiDHAR transcripf

which level significantly differed between almost all analyzed accessions, except WS
and C24 (Figure -37). Despite the presence of SNPs in the sequence recognized by
used for amplification primers, the strongedDHAR transcript accumulation among all

of the amlyzed accessions was observed for-€CyR.20+ 0.09 relative to Ce0) and

Ms-0 (1.81+ 0.08 relative to CaeD). In contrast, the amowgwf MDHAR transcrips in
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WS (0.28+ 0.01 relative to CeD) and C24 (0.2& 0.01 relative to CeD) were more
than threefold lower than that of Cdl (Figure 317).
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are means +tSD from three independen

biological replicates, each analyzed in triplicate

Lower expression amplitugdéhan forMDHAR, was observed foDHAR (Figure 317).

The highest and the lowest level of thignscript was measured for @¥i(2.47+ 0.09
relative to Col0) and Kasl (0.29+ 0.01 relative to CaeD), respectivelySincethe
sequences recognizglCR_DHAR primers in both, Keasand Cw0, containthe same
SNPs it is concluded that the low level of this transcript in Has not due to the
in-efficient primer binding to the gene of interest (high levelD#fAR transcript in

Cvi-0 contaiing the same SNPs as Ka}p but rather due to the accessgpecific
regulation oDHAR expression.

Similar to DHAR weak variation among selected accessions was observed also for

transcript encoding glutathione reductase (Figue/)3 The highest accuration of
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GR mRNA was detected, as fMDHAR andDHAR  in Cvi-0 (1.96+ 0.17 relative to

Col-0) and the lowest in M8 (0.34+ 0.09 relative to CaD).

In general, the analyses of expression regulation of genes encoding reductases of
ascorbateecycling ystem revealed that in almost all tested accessions (excef®) Cvi

the transcript levels diIDHAR, DHAR andGR were hardly correlated. It demonstrates

that there is nocommon pathway controlling the steadyate mRNA levelsof

ascorbateecyclingenzymes.

3.11.6 Accessiorspecific variation

In the comparison of-@eekold A. thalianaaccessions, the strongest variation the
levels of transcripts encoding enzymes ofocbplast antioxidant system wadstected
for Kas1l and CwviO (Figure 318). In Kas1 mRNA abundances of sevent of twelve
analyzed genes were lower than the transcript levels of the sameigedel-0. In
contrast, Cv0 expressed the highesumber of genes encoding the enzymes of
chloroplastwaterwater cycle(nine out of twelve angked) at higher level than GOl
The transcript abundances patterns of, Wt84 and Van0 largely resembledhat of
Kas1, in whichmost of the analyzechRNAswereaccumulated in lower amounts than
in Col-0 (Figure 318). Ms-0, which originsfrom Moscow in Russiashowed the most
distinct patternn comparisorto Col0. In this accessionhe expression of half of the

analyzed genes wag-iegulated anthalf downregulatedFigure 318).

Figure 3-18. Comparison of expression legebf genes encoding enzymes of chloroplast antioxidant
system at the transcript levels in six accessions. dfialianarelative to Col0. With blue, red and white
colours are marked dowmregulated, ugegulated and expressed at the same level as i) @ehes,

respectivelyThe black region corresponds to 1eopressed gene.
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3.1.2.Regulation at the protein level

Eukaryoticgene expression is a complex procesgilatedat multiple levelsincluding
transcription(Vandepoeleet al. 2009; Kaufmanret al. 2010) nuclear expor{Lipshitz

and Smibert, 2000)0mRNA decay(Narsaiet al. 2007) translation(Horiguchi et al.
2012) protein targeting (Lam et al. 2010) and protein degradation(Vierstra, 1996;
Kirschner, 1999; Vogest al. 1999) Since, # of theseregulatory mechanisms are well
coordinated understanding gene expression requires combining data from different
aspects of its regulatiofikawaguchi and Baileyserres, 2002)Therefore the analyses

of naturalvariationin the expression regulation of chloroplast antioxidant system at the
transcript level were followed by the studies sefch variation in this system at the
protein levelln order to perform such analyséstal protein extracts were isolated from
the same, @ used forextraction oftotal RNA rosettes of @veekold A. thaliana
accessions and separated in SEXSGE. Following the electrophoresis amdnsferof
proteinsfrom polyacrylamide gslto nitrocellulose membrasechloroplast antioxidant
enzymes were atectedby Westernblotting using specific antibodies(see Table 24

for a list).

For detection 0€SD2,2CPs,PrxQ and GRheantibodies raised agairs¢terologously
expressed particular protewere usedBaier and Dietz, 1999; Mittovat al. 2003;
Peterssoret al. 2006; AbdelGhany and Pilon, 2008)n all analyzed accessiotisey
gavea clear, singlesignal of approximately 22 kDa (CSD229 kDa (2CPs), 16 kDa
(PrxQ) or 54 kDa (GR The anti2CPs antibos reacted with both 2CPs, bdue the
small differences in the molecular weight between 2CPA (29 kDa) and 2CPB
(29.6 kDa) only single signal reflecting the total amount of 20Ras revealed

In contrast, GPXs and APXs were detected usingeptidespecific antibodies
(Kangasjarviet al.2008; Changpt al. 2009) Anti-GPXswereraised against a 58mino

acid region between Serl75 and thée@ninal Ala of GPX7 conseved in all tested
accessionsThe antibodiesecognized both GPXs, butue to the high amino acanhd
molecular weightidentity between GPX1 and GPX@avein Western blotonly one
signal of approximately 20 kDe&eflecting the total amount of chloroplast GR)hang

et al. 2009) Anti-APXs were raised against a highly conserved region among tAPX,
SAPX and cytoplasmic AP corresponding to amino acidd4215 of tAPX
(EEGRLPDAGPPS)Kangasjarviet al. 2008) However, he comparisorof amino

acids sequences of tAPAmong all analy@d accessionsevealedthat the eftope
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recognized by the arfiPXs in tAPX is not conserved in alif them Thus, n Kasl
a glycine residug€G) presented irthe epitopeof Col-0 wasreplaced by ararginine
residue(R) (Figure 319). Such replacement simall, aliphatic amino acid to thieigger
andbasic one might affect the protein folding and, tthes affinity between tAP>and

antibodiesdn this accessian

10
Col-0 EGIL PEAG FF
Has-1 RELFDAGEF
Figure 3-19. Comparison of amino acids sequencéspitope recognizedybanttAPX antibodies in
tAPX of Col-0 and Kasl.

The levels of tested chloroplast antioxidant enzymes were normalized to the level of
also nuclear encoded and targeted to chloroplasge subunit ofl,5bisphosphate
caboxylase oxygenaseR(IBisCQO detected in the same line due to the background
activity of used antibodiegpersonal communication with Agriserayloreover to

ensure thathe same amount of protein sample was loaded in each lane and all proteins
were transferred from the gel to the miwane with equal efficiency among different

| anes, detectediwith aniUA was usedis a loading contr@Parket al. 2004;

Chenet al.2010)

For each accession, three biological replicates, each representing an independent protein
isolation fom single independently grown plant, were analyzed. All analyses were

performed in three technical replicates.

3.1.2.1Copperzinc superoxide dismutase (C9D2

Superoxide dismutases (SODs) are metalloenzymes catalyzing dismutation of
superoxide radicahnion to hydrogen peroxide and molecular oxygBeyer et al.

1991) By a specific metal ligand required for their activity, they are classified as
copperzinc SOD (Cu/ZrSOD), irm SOD (FeSOD) and manganese SQMNM-SOD)
(McCord and Fridovich, 1969; Bowlerl992) Arabidopsis thalianahas three
Cu/ZnSODs(CSDs), one of which (CSD2) resides in chloroplasts, where is attached to
the thylakoid membrangliebensteinet al. 1998; Asada, 1999)

The analyse®f SOD isoenzymes patterns in seleceagessions ofA. thaliana(see
chapter 3.1.1.1)evealed that among all of them only @vhad different than in any
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other accession isoform of chloroplast CuE0D (CuZn-SOD3). It is known that this
Cvi-O-specific SOD isoenzyme is encodeylCsd22 geneallele which differs from the

one in Col0 (Csd21) by several SNPs. These SNPs lead to two amino acids changes in
CSD2 of Cvi0 and thus, an increase in the isoelectric poird esduction of its
mobility in Native PAGE(Abarcaet al. 1999; Abarcaet al. 2001) Moreover, current
comparison of selected accessions revealed that CSD2-ih €€mwed a slightly higher
mobility in SDSPAGE gels than CSD2 in other accessions, suggesting a truncated
isoform (Figure 320).

A Col-0 Kasl Cvi0 Ms-0 WS C24 Van-0
CSD2 — G b — ——y
B s

csD2

3,0 -

2,5

2,0

1,5 -

Relative protein level

0,5 1

0,0
Col-0 Kas-1 Cvi-0 Ms-0 ws c2q Van-0
A. thaliana accessions

Figure 3-20. Cu/Znsuperoxide dismutasé. Total protein extras from leaves of seven accessiafis

Arabidopsis thalianavere separated by 12 % SIPAGE, transferred to the nitrocelulose membrane and

probed with antibodies raiseganst superoxide dismutase (CHDB. Level of CSI2 in six accessions

of A. thalianarelative to Col0 . Tubul in U (TUA) niwohBifferans lettdrs idestifya | o a d i
groups of significant difference (ANOVA followed by Tukey test with a significance level at p < 0.05).

Data are means +SD from three independent protein iscdation

The subsequentcomparison of CSD2 protein legelin selected accessions of

A. thaliang namely Col0, Kasl, CviO0, Ms0, WS, C24 and Vaf, revealed
significant variation, indicating thafsd2expression is regulated in accesssprecific
manner not only at the transcript, but adéédhe protein level (Figure-30). Moreover,

it was shown that all of the tested accessions accumulated more CSD2 tharceeferen
accession, Ceb (Figure 320). Among them the highest level of CSD2 was detected in
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Kas1 (2.80+ 0.02 relative to CeD) andCvi-0 (1.51+ 0.04 relative taCol-0), in which
the amount of analyzed protein was almost thesel twofold higher than in Cdl,
respectively.Since, the NBT staining of native polyacrylamide gels for activity of
CSD2 revealed that this enzyme was macgve than in CeD only in MsO and WS
(Figure 36), it might indicate that in remaining acs@ms (Kasl, Cvi0, C24 and

Van-0) CSD2 is accumulated mainly in inactive state.

3.1.2.2Enzymes aheascorbateindependent watewater cycle

In chlorgplasts of A. thaliana four peroxiredoxins(PRXs) and two glutathione
peroxidases GPXs) reduce hydrogen peroxide to water in ascorbate independent
manner(Dietz et al. 2002; Changet al. 2009) Among them 2-Cys peroxiredoxins
(2CPA, 2CPB) switch between stromal soluble dimeric and thylaktéthed isoforms
(Konig et al. 2003) atypical peroxiredoxin Q (PrxQ) isd¢alized in the thylakoid lumen
(Peterssonet al. 2006) type Il peroxiredoxin (PME) in the chloroplast stroma
(Zybailov et al.2008) GPX1 can reside on the thylakoid membréferroet al. 2003;
Peltieret al. 2004)or in stroma and the localization of GPX7 is unci@bailov et al.
2008) So far, allPrxs and GPXbkave been characterizeddastudied only irbarley and

A. thalianavar. ColO (Baier and Dietz, 1996; Baier and Dietz, 1997; Baier and Dietz,
1999; Baieret al.2000; Peterssoet al. 2006) Here, the natural variam in theprotein
levels of 2CPA, 2CPB, PrxQ, GPX1 and GPXWas analyzed in semeaccessions of

A. thalianausing western blotting and polyclonal antibodiegure 321).

Among all analyzed enzymes of ascorbiatgependent watewater cycle the weakest
and the strongest variations in the protkdvels were observed for 2CPs and GPXs,
respectively (Figure-21), demonstrating that 2CPs levels are very similar and that of
GPXs very variable in various accessiong\othaliana The level o2CPs was slightly
lower than in CeD only in WS (0.88t 0.02 relative to CeD) and C24 (0.9% 0.06
relative to Col0), while in Kasl, Cvi0, Ms-0 and Var0 did not significantly differ
from that of Col0. In contrast, GPXs were accumulated in higher amount than i@ Col
in almost all tested accessigrscept Kasl.

The protein levelof atypical peroxiredoxilQ (PrxQ)was less variable than the level of
GPXs but more than that of 2CPs (Figur213. The protein was accumulated in higher
than in Col0 and different than in any other tested accessions r@nuoly in Kasl
(1.75 = 0.04 relative to CeD) and MsO (2.13+ 0.04 relative to CeD). Among
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remaining accessions, the level of PrxQ vgasilar to Col0 in WS and C24and
slightly lower than in CoeD in CviO (0.90 £ 0.05 relative to CeD) and Var0

(0.86+ 0.03 relative to CaD).
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3.1.2.3Enzymes dheascobatedependent watewater cycle

Ascorbateperoxidases (APXs) are hadinding enzymes reducing hydrogen peroxide

to water in ascorbatelependent mannefAsada, 1999) Arabidopsis thalianahas

several APX isoenzymes localized in different cellular compartments, two of which

reside in chloroplast&lespersert al. 1997; Jimeneet al. 1997) A 38 kDa tAPX is
anchored by hydrophobic domain to the thylakoid membrane, @l kDa sAPX is

found in the stroméJespersemt al. 1997; Asada, 1999%o0 far, natural variation in the

expression regulation of genes encoding chlorofi&s{s at the protein level hdseen
studied inA. thaliana only in Col0 and C24 background@anchuk et al. 2002;

Kangasjarviet al.2008; Maruteet al. 2010) Here, sAPXand tAPX protein levels were

compared betweeseven accessions Af thaliana(Figure 322).
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Figure 3-22. Ascorbate peroxidase®\. Total protein extras from leaves of seven accessiaofs
Arabidopsis thalianavere separated by 12 % SIPAGE, transferred to the nitrocelulose membrane and
probed with antiboiés raised against stromal (sAPX) and thylakbwound (tAPX * corresponds to

unspecific band) ascorbate peroxidage<C. Level of SAPX B) and tAPX(C) in six accessionsf

A. thalianarelative to Col0 . Tubulin U (TUA)
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Data are means £SD from three independent protein isadation
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The comparison revealethat all analyzed accessiomssgnificantly differedin the
protein levels of both chloroplast APXBigure 322), indicatingthat the expression of
genesencoding these enzymesregulated in the accessigpecific manner not only at
the transcript levelbut also at the protein levéAmong these accessions, the strongest
accumulation of sAPX and tAPX was detected Ms-0 and Cvi0, respectively.
In contrast, the level of SAPX was the lowest in €@bhnd C24, while that of tAPX in
WS andC24.

Moreover, theanalyse®f APXs levels among selectéd thalianaaccessionsrevealed
that almost all of them (except C24) accumulategher amountof sAPX thanthe
reference accessio@ol-0 (Figure 322). In contrast, the level of tAPx was higttaan
in Col-0 only in Cvi-0 (143 + 0.07 relative to CeD) and Var0 (1.18+ 0.01 relative to
Col-0) and lower inWS (0.63+ 0.06 relatve to Cot0) and C240.67+ 0.05 relative to
Col-0).

3.1.2.4Glutathione redatasei the enzyme of ascorbatecycling system

Glutathione reductase (GR) is5d kDa enzyme localized in the chloroplast stroma
responsible for@generation of GSH fronits oxidized form (GSSy5(Asada, 1999)
So far,GR has been characterized and studied onl.ithalianavar. Col-0 and CviO
(Zhu et al. 2011b). Here, its level was analyzed and compared between seven

A. thalianaaccessiongFigure 323).
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The comparison of GR levels between selededhalianaaccessions revelaed that
most of them accumulated significantly different amounts of this protein (Fig28g. 3
Among all of them, the highest GR level wdetected in WS and the lowest in @yl
Kasl and VarO. The remaining acessions, @i Ms0 and C24, accumulated
approximately 25 % more GR than reference accessiorQ)Coid 40 % less than WS.
It suggests that the glutathione metabolism in chloraplagght be different in all

analyzed accessions.

3.1.2.5Accessiorspecific variation

Among all testedA. thalianaaccessions the strongesiriation in expression regulation

of chloroplast antioxidant enzymes at the protein levare observed for Kak, Cvi-0

and MsO0, in which five out of seven analyzed enzymes vwareumulated at higher
level than in Col0 (Figure 324). On the contrary, the least changes were observed for
C24. Inthis accession the level of sAPahd all analyzed peroxiredoxins (2CRxla
PrxQ) were not significantly different than the levels of these proteins irO Col
(Figure 324). However, mosbf these observed at the protein lewariationwas not
consistent with variation detected among analyzed accessions at theigtaeset
(Figure 324), suggestinghatalso postranscriptional levebr the protein stability are

regulaed in accessiespecific manner.
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Figure 3-24. Comparison okexpression regulatioaf chloroplast antioxidant system at the transcript and
protein levels in six accessions Af thalianarelative to Co-0. With blue, red and white colours are

marked dowrregulated, upregulated and expressed at the same level as iQ Gehes, respectively.
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3.1.3Regulation ofthe translation initiation

Previous analyses revealed tttze patters of variationin the expression regulation of
genes encoding chloroplast antioxidantenzymes among A. thaliana accessions
significantly differedat the tanscriptand the protein levelSuch dscrepancies between
these two patterns might resédbm posttranscriptionakegulationof gene expression
including processing, export, localization, turnover and translation of nsRasA\well
from protein turnoverPradetBaladeet al. 2001; Mataet al. 2005) Among them the
efficiency of mMRNA binding to ribosomex the level of translation initiatiowasoften
shownto be responsiblior the lack of correlation betweenRNA and proteirlevelsin
various plant specieBerry et al. 1988 Crosby and Vayda, 1991; Kahlau and Bock,
2008) To check whethetthe discrepanciedbetween the amounts @fanscripts and
proteins encoding chloroplast antioxidant enzyimetestedA. thalianaaccessiongalso
resulted frondifferentialregulation of translation ingtion, all of these accessions were
tested foithe effetiveness of transipt usage for protein synthesis.

For the analyses, polysomal RNA (pRNA) was isolated from the same plant material as
that used for extraction of total RNAnd proteins To describethe efficiency of
translation initiationthe levels oimRNA bound to the ribosomes det@ned in pRNA
samplesdby gqRT-PCRwere dividedby total mRNA levelsmeasured for the same gene
and the same accessidn total RNA sampleqHesling et al. 2007; Piechotaet al.
2010) Calculated in this way pRNA / total RNA quotierttstermine the efficiency of
MRNA binding to ribosomesormalized to the steaebtate mMRNA levels, but do not
give information about thactively translatecbortion of total RNA(total RNA and
pPpRNA were istated separately)The quotientscalculated forall analyzed genes in
particular accssiors were standardized on tipiRNA / total RNAlevel detected for the
same gene ithe reference accessidbol-0.

For each accession, two biological replicates, eaptesenting an independent RNA
isolation from single, independently grown plant, were analyzed. All analyses were

performed in three technical replicates.

3.1.3.1Copperzinc superoxide dismutase (Csd2)

When the efficiency ofCsd2 mRNA binding to ribosomes was compared between

selected accessions A&f thaliang strong differences between all of them were observed
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(Figure 325), indicating that the amount ofCsd2 mRNA used for translation is

regulated in accessiespecific manner.
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Figure 3-25. Efficiency of Csd2translation initiationin six accessions oA. thalianarelative to ColO.
Different letters identify groups of significant difference (ANOVA followed by Tukey test with
a signficance level ap < 0.01). Light blue bar corresponds to @&d2transcript level in the accession,
in which the sequences recognized by the gPCR_Csd2_1 primers pair contaiib&fdRse meansSD
from two independent RNA isolation, each represerttinge technical replicates.

Among all of the tested accessions, the strongest usesd® mRNA in translation
process was shown for WS (10.29.08 relative to Cae0D), in which Csd2transcript
was bound to ribosomes with tenfold higher efficiency tim@ol-0, Cvir0 and Ms0
(the accessions with the least effective translation initiatio@soR). In the remaining
accessions (Kas, C24 and Vai®) the efficiency olCsd2mRNA binding to ribosomes
was approximately fivefold lower than in WS and twofold higher than in the referen

accession, Ceb (Figure 325).

3.1.3.2Enzymes dheascorbateindependent watewater cycle

Similar analyses of translation efficiencgs forCsd2 werealso performedfor genes
encoding chloroplast peroxiredoxinQPA 2CPB PrxQ andPrxIIE) and glutathione
peroxidases(GPx1 and GPx7, both reducing hydrogen peroxide ascorbate

independent manner.
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PeroxiredoxinsZCPA 2CPB PrxQ andPrxIIE)

The analyses ofranslationinitiation performed forgenes encoding peroxiredoxins,
namely2CPA 2CPB PrxQ andPrxIIE, revealed thaall of them were translated with
variable efficiencies in all testefl thalianaaccessions (Figure 36). Among them, the
strongest usefanRNA in the translation process was shown in almost all accessions
(except Kasl and Ms0) for PrxIIE (Figure 326). Since, PrxIIE transcript was
accumulated in allof these accessionst the lowest level among analyzed
peroxiredoxins (Figure -8), it might indicate that the expression of this gene is
regulated mainly at the pesanscriptional level. In contrast, the lowest translation
efficiency was shown in almost all accessiorgcépt MsO and Var0) for 2CPA
(Figure 326), which mRNA level was the highest among analyzed peroxiredoxins

(Figure 38). It indicates that the expression26PAis controlled transcriptionally.
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Figure 3-26. Comparison oR2CPA (blue bars)2CPB (red bars)PrxQ (green bars) an@rxIIE (violet
bars) translation efficiencyin seven accessions &. thaliana Different letters identify groups of
significant difference (ANOVA followed by Tukey test with a significance level at p < 0.01). Data are

meantSD fromtwo independent biological replicatesach analyzed in triplicates.

Sincetwo out of the four analyzed peroxiredoxins, namely 2CPA and 2CPB, belong to
the samefamily of 2-Cys peroxiredoxins (2CPs), the paralogue variation in their
translation efficiencf{2CPAvs. 2CPB could be analyze@Figure 326). The analyses
revealed that in most of the tested acces2@RAand2CPBmMRNAS were used in the
translation pocess with low and similar efficienagFigure 326), indicating that the
expression of these genes is regulated mainly atetne bf transcription, at which
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independent control #CPAand2CPBaccumulationwas shown (Figure-8). Among
remaining accession2CPA(0.60+ 0.02 relative to CeD) was bound to the ribosomes
with lower efficiency tha that of 2CPB (1.72 = 0.01 relaitve to Col0) only in C24
showing stronger support @CPBtranslation(Figure 326). In contrast, in M€ and
Van0 stronger use of mMRNA in translation process was detectedCiBA than for
2CPB (Figure 3-26). Moreover,2CPB (0.04 + 0.01 relative to CeD) in Ms0 was
translated with the lowest efficiency among all analyzed accessions and genes.
However, thelow efficiency of 2CPB binding to ribosomes in this accession was
accompanied by very strong suppor2@fPAtranslation (8.6% 0.03 relative to CaD),
indicating a compensatory regulation in #@Psexpression.

High variability among selected\. thaliana accessions was shown also for the
translation efficiency of the last from analyzeergxiredoxins, PrxQ (Figure-36). In
general, the use d?rxQ mRNA in all accessions was stronger than in the reference
accession (Ceb), with the highest efficiency of this process detected for-Kas
(2.13+ 0.14 relative to CeD) and WS (2.62 0.15 relative to CaD).

Glutathbne peroxidase$sPxlandGPx7)

The comparison ofhe translation initiation efficiencgf genes encoding glutabne
peroxidases@GPx1and GPx7) revealed that in almost all selected accessions ribosomes
bound significantly more GPx1 transcript than that o&6Px7 (Figure 327). Only in
Ms-0, higher efficiency of translation was observed @#x7(21.37+ 0.05 relative to
Col-0) than forGPx1(1.11+ 0.09 relative to Ce0) (Figure3-27). SinceGPx1mRNA

was accumulated in M8 at tre highest level among all tested accessions and that of
GPx7 at the lowest(Figure 311), it indicated that the expression GfPxs (GPxL

vs. GPx7)is inversely regulated at both, transcription and translation leMelseover,

low transcription efficiency of highly accumulate@Px1 transcript and strong use

in the translation process of low abund&@®x7 mMRNA suggested that the expression
of GPx1 is controlled mainly transcrignally, whereas that of GPx7

posttranscriptionally.
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Figure 3-27. Comparison ofGPx1 (green bars) anGPx7 (red bars) translation efficienciés seven
accessions 0A. thaliana Different letters identify groupsf significant difference (ANOVA followed by
Tukey test witha significance level at p < 0.01). Data are me&8D from three independent biological

replicates, each analyzed in triplicates.

3.1.33 Enzymes of ascorbatiependent watewater cycle

The analyses of translation efficiency performed for genes encoding chloroplast
ascorbate peroxidas€sAPxandtAPX indicatedthat in almost all tested accessions
(except Kasl and Ms0) lower amount ofAPxthansAPxwas boud to the ribosomes
(Figure 328). Sincein most of the accessions (except WS and-Daalso less mRNA
encodingtAPx than sAPxwas accumulated, it indicatedirongersupport ofsAPxthan
tAPxexpression at both analyzed levyetanscription and translation initiation
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Figure 3-28. Comparison ofsAPx (green bars) andAPx (red bars)translation efficienciesn seven
accessions oA. thaliana Different letters identify groups of significant difference (ANOVA followed by

Tukey test witha significance level at p < 0.01).
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Moreover, the analyses revealed that all analyzed accessions significantly differed in the
efficiency of translation initiation of botlsAPxandtAPx (Figure 328). Among them,

the highest use of mRNA in translation process was shownsAétx in VanO

(2.51+ 0.16 relative to CaeD) and fortAPxin Kas1 (3.19+ 0.01 relative to CeD) and

Cvi-0 (2.68x 0.16 relative to CaeD). On the contrary, the lowest translation efficiency
was detected farAPxin Cvi-0 (0.51+ 0.02 relative taCol-0).

3.1.34 Ascorbateindependent vs. ascorbatependent watewater cycle

Strong differences in the accumulation2z@Psand APxstranscripts observed in almost
all (except MsD) tested accessions (Figurel@), prompted for comparison of the
efficiencies dtheir translation (Figure-29).

* H2CPs

Efficiency of translation initiation

Col-0 Kas-1 Cvi-0 Ms-0 Wws c24 Van-0
A. thaliana accessions

Figure 3-29. Comparison of2CPs (green bars) and\Pxs (red bars) translation efficiency in seve
accessions oA. thaliana The accessions, in whi@CPsare accumulated at significantly different level
thanAPxsare marked with asteriskstést; p < 0.01).

The analysegevealed that Ced, Kasl, WS, C24 and Vaf stronger suppcet
translation of accumulated at lower levélBxsmRNAs than that of highly abundant
2CPs(Figure 316 and 329), indicating corpensation of low transcription activity at
the posttranscriptional level and inverse regulation 2&Ps and APxsexpression at
these levels. Similarly, low transcriptional activity ZCPsand APxsin Ms-0 was also
compensated at the translation level éghancement of mMRNA binding to the

ribosomes.
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3.1.3.5Enzymes aheascorbaterecycling system

The comparison ofranslation initiation efficiencyof genes encoding reductases of
chloroplast asatvaterecycling systemNIDHAR, DHAR andGR) revealed the strongest
variations among tested accessionsG& (Figure 330). As for ascorbate peroxidases,
similar or higher amount d&R transcriptwas bound to ribosomes in almost all tested
accessions than in the refereraccessionCol-0. Moreove, for some of the selected
A. thalianaaccessiongositive correlation between translation efficiency of ascorbate
peroxdases and enzymes of ascorba&teycling system was observethe strongest
correlation was detected for kdsand CwO0, in which binding of APxsandascorbate
recyclingreductase$MDHAR, DHAR andGR) to ribosomeswas regulatedh the same
direction(e.g. high binding efficiencfor all, APxs MDHAR DHARandGR).

However, as at the transcript level (Figur&? the translation efficiencies MDHAR,
DHAR and GR were also hardly correlated, indicating that at both, transcription and
translation initiation, levels there is no common pathway controMmHAR, DHAR

and GRmMRNA binding to ribosomes.
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Figure 3-30. Efficiency of MDHAR (A), DHAR (B)
andGR (C) translation initiation in six accessions ¢
A. thaliana relative to Col0. Different letters
identify groups of significant differencANOVA
followed by Tukey test with a significance level at
< 0.01). Light violet bars correspond to tt
transcript levels oMDHAR DHAR and GR in the

Relative efficiency of translation initiation

accession, in which the sequences recognized

Cold Kasl WD M0 WS Q4 Vand used primers pair contain SNPs. Data are me
A, thaliana accessions

+SD from two independent RNA isolation, eac

representing three technical replicates.
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3.1.3.6Accessiorspecific variation

Among all selectedA. thalianaaccessionsthe highest translation efficiency of genes
encoding chloroplast antioxidant enzymes whewn for Kasl, WS, C24 and Va0,

in which eight to nine out of twelve analyzed transcripts were overrepresented in pRNA.
On the contrary, Cvd and MsO showed the lowest efficiency of mRNA binding to
ribosomes with only five out of twelve transcriptgearepresented in polysomal RNA

fraction (Figure 331).

TRANSCRIPT POLYSOMAL
LEVEL RNA LEVEL

Kas-1

Cvi-0

Ms-0

Figure 3-31. Comparison of expression level of genes encoding chloroplast antioxidayinesat the
transcript and polysomal RNA levels in six accession#.othalianarelative to Col0. Blue, red and
white regions of the pie charts represent doegulated, ugegulated and expressed at the same level as
in Col-0 genes, respectivel§Jhe blackregion responds to naixpressed gene.
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TRANSCRIPT POLYSOMAL
LEVEL RNA LEVEL

WS

C24

Figure 3-31 (continued). Comparison of expression level of genes encodihigroplast antioxidant
enzymesat the transcript and polysomal RNA levels in six accessions tfialianarelative to ColO.
Blue, red and white regions of the pie charts represent -dleguiated, upegulated and expressed at the

same level as in Cdl genes, respectivelyhe blackregion responds to netxpressed gene.

Moreover, the comparison of total and polysomal data depicted in FigRkéndicated

that in almost all tested. thalianaaccessions the reduction in transcriptional activity is
compensated at the translation level by enhancing the efficiency of mRNA binding to
ribosomes. The exceptions from this compensatory regulatioPrxiéE in Kas1,
2CPBin Ms-0 andDHARin Van-0, for which in comparison with Ced lower level of
transcripts and lower efficiency of translation initiation welserved.

On the contrary, in most of the tested accessions high transcriptional activity was
accompanied by reduction in the efficiency of mRHNiAding to ribosomes. However,

there are also some exceptions from this regulatory mechanism, nramélyand GR
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in Cvi-0, as well axGPx7in C24 and VarO, for which high activity was observed at

both, transcription and translation levels.

It is knownthat the differences in the activity of translation initiation might be a result

of changes in the structural properties of the untranslated regions of analyzed genes
(UTRs) , e s p e c is,avhithyarknown to Haee a \aéjdd IR in the control

of MRNA translationMignoneet al. 2002) Examples of such structural properties are
length (Gallie et al. 2000) presence of secondary structu(Eaff et al. 1996; Gallie

et al. 2000) or upstream open reading framésikaszewiczet al. 1998) as well as the
composition of the sequence that surrounds the translation initiation @dballe and

Morris, 1994; Joshiet al. 1997) Therefore, to check, whether observed between

A. thalianaaccessions differences in the ait$ivof initiation translation resulted from
such changes in the structural properties
of each analyzed gene were compared between tested accessions (for the analyses the

publicly available sequencing data frdfd01 genome project were used).

A . Col-0
Haz-1
Cwi-0
Nfs-01
s
czg
Var-0

B . Col-0
Haz-1
Cwi-0
Ms-0
ws
c2d
Var-0
Col-0
Haz-1
Cui-0
Ms-0
ws
c2d
Var-0

C . Col-0

Figure 332 Compari son of B.&C8HZ R MDHARaNAG tARPxm ¢ested accessions of
A. thaliana (the sequence adfAPxbesi des 56UTR contains wunderlined
following it nucleotide +4).
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The comparison r e v 2GPA and GPxlhwaere idéniicd) ThRadl o f
accessions, whil e i n 56 UTRs of ot her

polymorphisms (8Ps) were detected (Figures33 and Al in Appendix). Tese SNPs

an

did not change any structur al pr shPeg,rti es

2CPB PrxQ andPrxIIE (see Figure Al in Appendix) or introduced the modifications,
which might have an influence on the activity of translation initiatioB@sd2 tAPxand
MDHAR(Figure 332) . Thus, i ntheladt threesgénElSTSRBs weré detected
in the region flanking translation initiation site (TIS), which sequencArabidopsis
thaliana was identified asaaaaaaa(A/G)(A/CrIGGcgaataata (underlined part
corresponds to the translation initiation si{f®anganet al. 2008) It is known that
modifications in the sequence of TI8specially in its conserved positions (G at the
position +4 and A or C at the positie?), might change the efficiency, with which the
translation initiation codon is recognized by translation initiation complex
(Rangaret al.2008).

Among analyzed accessions, €3d2oalgin @ok0, ( C)
Cvi-0 and Var0, while in Kasl, Ms0, WS and C24 cytosine was exchanged into
thymine (Cr T)  ( F i33). ConsisteBtly, in almost all (except M3 accessions with
thymineat position-2 translation initiatia was more efficienfFigure 325), indicating
positive influence of CYT exchange on
of MDHAR in almost all tested accessions contained thynahehe position-2
(Figure 3-32). Only, in C24, in which one of the highest efficiency of translation
initiation (beside WS), this thymine was exchanged into adenine.

Besides the changes at the posit-2, modifications of the TISsequences at the
position +4 were detected foeAPx in all of the tested accessions. Among them, in
Col-0, Kas1 and MsO conserved at this position A oruZreexchanged into thymine
(T), while in Cvi0, WS, C24and Van0 the exchanginto guarne (G) was detected
(Figure 332). Since, the highesAPxtranslation efficiency was observed in Khgnd

Ms-0, it suggests that T at the position +4 promotes mRNA binding to ribosomes.
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3.1.4Reactive oxygen species (ROS) production

Antioxidant enzymes, such as superoxide dismutases (SODs), ascorbate peroxidases
(APXs), peroxiredoxins (PRXs) and glutathione peroxidases (GPXs), by catalyzing
ROS detoxification are involved in maintaining ogdbalance of plant cellfAsada,
1999) The capacity of theserzymes for ROS detoxification was shown tadla¢anced
with regard to ROS productiqiroyer and Shigeoka, 201Therefore, determination of
the ROSevelsmayserve as a reaout for totalantioxidant protection of the cell.

Here, theROS production was determinéa young, middleage and mature rosette
leaves of éwveekold A. thalianaaccessionsising two different ROS staining methods
In these staiings, superoxide radical aniQ@ﬁ and hydrogen peroxid@gi,0,) can be
specificallytrapped byNBT and DAB, respectively. Theeactiondead to accumulation

of either,purple (NBT staining)or brownish (DAB staimig) precipitates in the sitesf
ROS production To quantify he ROSlevelsin the leaves of analyzed. thaliana
accessionghe sizeof these stained by NBT or DAB site§ ROS productiomelative to

the area of the whole leaf wdsterminedising digital imagenalyzer ImageJ.

The amoun of superoxide radical anio(Ozé) differed between analyzefl. thaliana
accessiongFigure 333). Among them, lte lowest levels of th@zéwere detectedor
C24. Moreover, in this accessiaro obvious differences in th®.," accumulation
between leaves of various ages were observed. IALK¥$S ad VanO the lowest
levels of superoxidevere detected in the middigeleawes. In contrast, the middege
leaves of Cw0 accumulated mor®, than two other tested leaf stages. In-0/and
Col-0 different patters of OzAproductionthan in any other accession were observed. In
Ms-0 the levelof superoxide gradually dezased with the age of the leaf, while in -Qol
the old and middlageleaves accumulated similar and loveanouns of O/ \than the
youngest leaf.

Variation in the accumulation of superoxide observed between analyzed accessions
might indicate differences in the activity of superoxide dismsfaseymes responsible
for reduction of0to H,0,. It was expected that the activity of SODs would be lower
in accessions accumulating high amount@ﬁf(Kasl, Ms0 and WS) than in the ones,
in which low levels ofOZAwere detected (C24 and G®). However,SOD activity was
higherin Kas1, Ms-0 and WS than in Cd) and C24(Figure 36). Thus, t indicated
that enhancement of SOD activity was more likelgonsequence of ROS levels than

the cause of ROS accumulation.
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Figure 3-33. A. Endogenous production of superoxide radical ar('@ﬁ) in 6-weekold A. thaliana
accessionsB. Quantification ofogélevels in mature (blue bars), midelige (green bard) and young (red
bars) leaves of selected accessiDifferent letters identify groups of significant difference (ANOVA

followed by Tukeytest with a significance level at p < 0.05).

Differences between analyzed accessions were observed also in the accumtilation o
hydrogen peroxide (Figure-3). Among all of them, the lowest level of,&, was
detected in the middlageleaves of Kasl andthe higlest in the oldest leaves Gbl-0,

Ms-0 and C24. Moreovedifferences between accessions were observed in the pattern
of hydrogen peroxide accumulation. In @pl MsO and C24 the level of @,
increased with the age of the leaves, while in-@w decrease with the age was
observed. In WS only very slighiifferences between analyzed leaf stages were shown.
In Kasl and MsO, the significant differences between analyzed leaf stages were
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detectable only for middle ledthe leves of H,O, in oldest and the youngest leaves
were the same)n which either, the lowegKas-1) or the highesf{Van-0) amounts of

H>O, were accumulated.
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Figure 3-34. A. Endogenous production of hydrogen peroxi@®0,) in 6-weekold A. thaliana
accessionsB. Quantification of HO, levels in mature (blue bars), midedge (green bard) and young
(red bars) leaves of selected accesdibfierent letters identify groups of significant difference (ANOVA

followed by Tukey test with a significance level at p < 0.05).
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3.2 The expression regulation of chloroplast antioxidant system depends on

the developmental stage of analyze#lrabidopsis thalianaaccessions

It is known that the expression of many genes is influenced by developmental stage of
plants. The genes encode proteins involved in various cellular processes, such as cell
cycle, metabolism and intracellulaignalling (Kaufmannet al. 2010) However,only

a little is known about developmental controlROSscavenging in chloroplas{Baier

et al. 2000; Rodriguez Millaet al. 2003; PefiaAhumada&t al. 2006). Here the
expressionof chloroplast antioxidansystem at the transcript kel was compared
betweerseven3-weekold and 6weekold A. thalianaaccessions

For the comparison, the steashate MRNA abundances of genes encoding chloroplast
antioxidant enzymes, nameysd2 2CPA 2CPB PrxQ, PrxllE GPx1 GPx7, sAPx

tAPx MDHAR, DHAR and GR, were measuredn RNA samples extracted from the
rosette leaves of selectedw@ekold or 6weekold A. thaliana accessionsusing
gRT-PCR and gene specific primers (see TabBef@r a list).

The mRNA levels obtained for all analyzed gsrwerestandardized on the transcript
abundancef Act2 gene (At3g18780), which was shown to be constitutively expressed
at all developmental stagésn et al. 1996)

For each accession, two biological replicates, each representing an independent RNA
isolation from single, independently grown plant, were analyzed. All analyses were
performed in three technical replicates.

3.2.1Copperzinc superoxide dismutase (Csd2)

When Csd2 transcript level was compared betweerwérekold and 3weekold
accessions, less variation was obseffee younger tlan for older plants (Figure-35).
Moreover, almost all tested accessions (except WS) significantly differed in the
accumulation ofCsd2mRNA at both analyzed developmental sta(f@gure 335). In
general, older plants accumulated higher an®uohtthis transcript than the younger
ones suggesting higher importance of CSD2 in the neutralization of ROS at later
developmental stage of seledt accessionsThe strongest differences between
3-weekold and 6weekold plantswere detected for Cv@ and Ms0, in which the level

of Csd2transcriptin youngerplants wasespectivelynineteen and twelvefoldhigher

than in older ones. Anmg remaining accessionthe 3weekold Col0, Kasl, C24 and
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Van-0 accumulatedhree to sixfold moreCsd2mRNA than thes-weekold ones. Only

in WS, the level of this transcript was similar at both analyzed developmental stages.

Csd2

3,5

w

Transcriptlevel
~
%] w

15

Col-0 Kas-1 Cvi-0 Ms-0 ws c24 Van-0
A. thaliana accessions

Figure 3-35. Comparison ofCsd2transcript levels betweenBeekold (green bars) andweekold (red
bars)A. thalianaaccessionDifferent letters identify groups of significant difference (ANOVA followed
by Tukey test with a significance level at p < 0.01). DaeraeanstSD from two independent RNA
isolation, each representing three technical replicates.

3.2.2Enzymes othe ascorbateindependent watewater cycle

The subsequerdomparison of the transcript levels of genes encogergxiredoxins
andglutathione peroxidasdsetweers-weekold and 3weekold A. thalianaaccessions
also revealed significant differencg§igures 336 and 337), demonstratinghat the

expression regulation of chloroplast antioxidant enzymes is strongigesugmdent.

Peroxredoxins RCPA 2CPB PrxQ andPrxIIE)

Among all analyzed chloroplast peroxiredoxins strondgerences in the transcript
accumulation between younger and older plants were detected for genes endogsng 2
peroxiredoxinsZCPAand2CPB) than for thabf PrxQ andPrxIIE (Figure 336).

In general, the mRNA abundances of ba@Psin almost all accessions were higher in
6-weekold than in 3weekold plants(Figure 336), indicating stronger support of
2CPAand2CPBtranscripts accumulatioat later from analyzeddevelopmental stages
Only in Ms-0 the amount )2CPAMRNA wasapproximately fourfoldower in 6week

old than in3-weekold plants Moreover, 2CPB transcript was accumulated this
accession at both analyzed developmental stagée dbwest level, suggesting that
Ms-0 both2-Cys peroxiredoxins are of l@wimportance In contrastjn Cvi-0 the total
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amount of2CPsmRNAs was the highest among tested accessions, indicating that this
accession strongly support expressioRGPAand2CPBat all developmental stages.

The accumulation of transcripts encoding renmagn peroxiredoxins was also
agedependent (Figure -36). Higher abundance oPrxQ mRNA was detected in
older than in youngeplants for Col0, Cvi0 and MsO, while Kasl, WS and C24
accumulated this transcript in higher amounts at earlier from tested developmental
stages. In contrast, the level BfxIIE mRNA did not significantly differ between
3-weekold and 6weekold plants for Col0, Kas1 and Ms0, while for Cvi0, WS, C24

and Van0 its higher accumulation was detected in younger than in older plants.
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Figure 3-36. Comparison ofA. 2CPA B. 2CPB C. PrxQ, D. PrxlIE transcript levelsbetween
3-weekold (green bars) and-weekold (red bars)A. thaliana accessionsDifferent letters identify
groups of significant difference (ANOVA followed by Tukey test with a significance level at p < 0.01).

Data are meansSD fromtwo independent RNA isolation, each representing three technical replicates.
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Glutathione peroxidase&PxlandGPx?7)

Significant differences betweenvigzekold and 6weekold A. thalianaaccessions were
detected also in the accumulation of transcripts encoding both chloroplast glutathione
peroxidasesiPx1and GPx7 (Figure 337). In general, the abundance ®Px1 mRNA

was higher in older than in younger plafs all tested accessionsith the highest
difference betweemnalyzeddevelopmental stages detected for-043n contrast, the
transcript ofGPx7was accumulated at higher levels hw6ekold than in 3weekold

plants only inCol-0, WS, C24 and Vaf, whilein Kas1, Cvi0 and Ms0 the level of

this transcript was not significantly differeahd low at both analyzed developmental

stages.
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Figure 3-37. Comparison ofA. GPxlandB. GPx7transcript levels betweem8eekold (green bars) and
6-weekold (red bars)A. thalianaaccessionsDifferent letters identify groups of significant difference
(ANOVA followed by Tukey test with a significance level at p < 0.01). Data are me&Dsfrom two
independent RNA isolation, each representing three technical replicates.

3.2.3Enzymes ofthe ascorbatedependent watewater cycle

When the levels of transcripts encodigAPx and tAPx were compared between
3-weekold and 6weekold plants significant differencefor all tested accessiongere
observed (Figure 338). In general,in all of them mRNAs of both APxs were
accumulatedht later developmental stagesignificantly higher level thaat the earlier
ong excepttAPxin Ms-0, whichamount wassimilar in younger and in older plants
Among all tested accessiorntbe strongest differences ihe levels ofAPxstranscrips
between 3veekold and 6weekold plants were observed for G9j in whichsAPxand
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tAPxwere accumulated in older plants at respectively thanygl twelvefold higher level
than in younger onef~igure 338). Moreover, the amounts of boteBAPxand tAPX,
MRNAs in CviO were the highest among all testesv@&ekold accessionand low in
3-weekold ones, indicating that ascorbate peroxidasehis accessiomre of higher

importane at lateffrom analyzeddevelopmental stages.

2,5 2
A sAPx B f tAPX

Transcriptlevel
Transcriptlevel
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A. thaliona accessions A. thaliana accessions

Figure 3-38. Comparison ofA. sAPxandB. tAPxtranscript levels between8eekold (green bars) and
6-weekold (red bars)A. thalianaaccessionsDifferent letters identify groups of significant difference
(ANOVA followed by Tukey test with a significance level at p < 0.01). Data are nme&Dsfrom two
independent RNA isolation, each representing three technical replicates.

3.2.4Enzymes othe ascorbaterecycling system

The comparison oMDHAR, DHAR and GR transcript levels among-Weekold and
6-weekold accessiongFigure 339) revealed the strongest differences between these
two developmental stages f@HAR In general, the amount dHAR mRNA was
almost not detectable &dl younger accessions and dramatically increased (between one
and three hundredfold) at later from analyzed developmental siagesting higher
importance of DHAR in oldethan in youngeplants In contrast, théranscript leved of
MDHAR were in almost all tested accessions either lower in older than in younger
plants or similar at both developmental sta@eigure 3-39). Only Cvi0 and Ms0
accumulated this transcript invéeekold plants at more than twofolddmer level than

in 3-weekold ones, demonstrating that these accessions stronger support expression of
MDHARat later developmental stages, while the cthether at earlier orse

Significant variation was observed among tested accessisnis the acumulation of

GR transcript, indicating that the expression of this genalss regulated in ge
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dependent manner (Figure39). In general, the level o6R mMRNA was higher in
6-weekold plants than in -8veekold ones for those accessionghich accumulated
also in older plants the highest amount @HAR transcrips (Cvi-O and Col0).

In contrast, in accessions accumulating lower level®l9AR mRNA than Cwvi0 and
Col-0 in older plantsalso the level oGRwas either lower in older than younger plants
or similar at both analyzed delopmental stages. It indicatedmmon pattern in the
developmental regulation of bgthAHARandGR

Moreover, the highest levels of transcripts encoding all enzymes obasegcycling
system among tested accessions at the later from analyzed developmental stages were
detected for CvD, which also accumulated in older plants the highest amouAR>af
(Figures 338 and 339). It suggestedhat this accession in respseto high activation

of APxs strongly support the expression of MDHAR DHAR and GR In contrast,

in other tested accessions sustnong co-regulation of APxs and enzymes othe

ascorbateecycling system expression was not observed.

09
A MDHAR B e DHAR
1- 08
d
07 -
038
06 -
v _
> [
[} >
< 056 % 05
2 &
§ E 04 - ¢ .
© | c _ C fc
B o4 go3 f f
_ 02
02 d
- 01 .
ofl 2l ol B -l ol -
0 . ; ; ; 0 - T T T T
Col-0 Kas-1 Cvi0 Ms-0 ws 4 Van-0 Col-0 Kas-1 Cvi-0 Ms-0 Ws 24 Van-0
A. thaliana accessions A. thaliong accessions

25

ac
a_b a

Transcript level

05 -

Kas-1

Col-0

ab

Cvi-0 Ms-0 Ws

A. thaliana accessions

Q4

GR

ch

Van-0

Figure 3-39. Comparison of A. MDHAR

B. DHAR and C. GR transcript levels betweet
3-weekold (green bars) and-Weekold (red
bars) A. thaliana accessions. Different letter
identify groups of difference
(ANOVA followed by Tukey

a significance level at p < 0.01). Data are me:

significant
tes with

+SD from two independent RNA isolation, eac

representing three technical replicates.

107



Chapter 3. Results

3.2.5 Accessiorspecific variation

The comparison o8-weekold and 6weekold A. thalianaaccessions revealed that the
expression of genes encoding all chloroplast antioxidant enzymes is regulated at the
transcript level in ageependent manner. In general, almost all transcapt®ding

thee enzymeswvere accumulated in older plants higher amountsthan in younger

ones, indicatinggreaterimportance of antioxidant enzywsa at later developmental
stags. Among selectedaccessionsthe strongest support of chloroplast antioxidant
enzymesexpressionin older plantsvas observefor Cvi-0 and Var0, in which ten out

of twelve transcripts weraccumulated ifB-weekold plants at significantlyigherlevel

than in 3-weekold ones In contrastWs, with the level of four out of twelve analyzed
transcripts higher in younger than in older plants, invested the most from the tested
accessions into the expression regulation of chloroplast antioxidant enzymes at earlier

from analyzed developmental stages.
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3.3 The expression regulation of chlmplast antioxidant system in analyzed

Arabidopsis thalianaaccessions depends on the growth temperature

Since the selected\. thaliana accessions originate from habitats with different
temperatures and temperature amplitudes, the influence of growth temperature on the
regulation ofthe chloroplast antioxidant system at the transcript level was analyzed in
3-weekold plants acclimad for one week to 10, 20 or 3G (for description of growth
conditions see 2.2.2).

The transcript levels of all selected genes vatamdardized on theRNA abundance

of Act2 gene (At3g18780) andormalized to the expression of the same gene iF0OCol
cultivated at its optimal temperature, 20.

For each accession, two biological replicates, each representing an independent RNA
isolation frompools of six rosettesvere analyzed. All analyses were perfodnrethree

technical repeats.

3.3.1 Copperzinc superoxide dismutase (Csd2)

The analysesof Csd2 transcript levels in plants acclimated to differegriowth
temperaturesevealed, thathe steadystate mMRNA abundance tifis genegradually
increased with the growth temperaturealmost dl tested accessions (Figure4@).
Only in Cvir0 Csd2transcript was accumulated at 48d 30 °Cin significantly highe
amountthan in plants cultivated at 20 °@emonstrating accessi@pecific adaptation
to temperature fluctuations

Moreover, the adapte changes in temperature responsiveness may be indicated for
Csd2regulation (Figure 310). Among all tested accessions, the lowesd2transcript
level at 10°C was detected for Kab and Var0, but in response to elevated
temperature (30C) stronger nicrease inCsd2 mRNA abundance was observed for
Kas1 than for Var0. It suggests that Vab, which sometimes faces 3C in summer
can invest in the regulation d@sd2 expression less than Kas which is hardly

subjected to such high temperatures ttiugle of 1580 m in Kashmir Mountains.
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Csd2

Relative transcript level

Col-0 Kas-1 Cvi-0 Ms-0 ws c24 Van-0
A. thaliana accessions

Figure 3-40. Transcript level ofCsd2in six accession oA. thalianarelative to Col0. All plants were
cultivated for twoweeks at 200C and then transferred for omeeek to 10°C (blue bars), 20C (green
bars) or 30°C (red bars), for low, control or high temperature treatment, respectDifgrent letters
identify groups of significant difference (ANOVA followed by Tukey test with a significance level at
p < 0.01).Data aremeanstSD from two biological replicates, each representing an independent RNA

isolation from pools of six rosettes. Each biological replicate was awmhiyzbhree technical repeats.

3.3.2 Enzymes ofhe ascorbateindependent watewater cycle

The same analyses as 10sd2 were performed for transcripencoding enzymes of
ascorbatendependent watewater cycle, namel2CPA 2CPB PrxQ, PrxIIE, GPx1
andGPx7(Figures 341 and 342).

PeroxiredoxinsZCPA 2CPB PrxQ andPrxIIE)

The comparisonof Prxs transcrips accumulation between selectedl. thaliana
accessions acclimated to different temperatures revealed variati@adbranalyzed

gene (Figure 310). Among them, the strongest differences between the patterns of
temperature responsiveness were observedG&A (Figure 341). In Cvi-0 and Ms0O

lower level of this transcript wadetectedat 30°C than at 10 and 20C, whilein Van-0
2CPAMRNA was accumlated in lower amountsat 10 and 20C and significantly
higher at 30 °C. Among remaining accessions Kas1 the expression o2CPA in
response to changing temperatwas regulated by disturbance effect (the highest level

of transcript at 20C and sigificantly lower at both, 10 and 20C), while in WS and

C24 no obvious differences between plants acclimated to different temperatures were

detected.
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In contrast, in response tdifferent temperature less variatio between tested
accessions wasbserved inthe accumulation of mRNAs encoding remag
peroxiredoxins (Figure-31). Among them, fo2CPBandPrxIIE gradual variation with
temperature was observed in almost all accessions, whileehanthe same direction
(e.g. increase in thérarscript level in response tboth, decreased and increased
temperature) dominated f&rxQ. However,for all transcripts encoding peroxiredoxins
different patterns of mRNAccumulation in response to temperature fluctuations were
observed in accessiorming from similar habitatsand the same patterns in that
originating from ontrasting climates (Figure-8l). Therefore,no obvious adaptive

changes in temperature responsivenesBifostranscrips areindicated.
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Figure 3-41 Transcript levels oA. 2CPA B. 2CPB C. PrxQ, D. PrxIIE in six accession oA. thaliana
relative to Col0. All plantswere cultivated for twaveeks at 20C and then transferred for om&ek to

10 °C (blue bars), 20C (green bars) or 3% (red bars), for low, control or higlemperature treatment,
respectively. Different letters identify groups of significant difference (ANOVA followed by Tukey test
with a significance level at p < 0.01). Data are meanSD from two biological replicates, each
representing an independent RNgolation from pools of six rosettes. Each biological replicate was
analyzed in three technical egs
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Glutathione peroxidase&PxlandGPx?7)

Among chloroplast glutathione peroxidaseifferent patters of variation in response

to temperature fluctuationsererevealed foilGPx1than forGPx7 (Figure 342). It was

shown that in all of the tested accessiba tevel of GPx1 gradually increased with
growth temperature, while the mRNA abundanc&Bk7was egulated by disturbance
effect (increase in the transcript level with both, decreased and increased growth
temperature).lt indicated that in A. thaliana accessions there waso common
mechanism regulating the accumulation @Pxs transcripts in response tdifferent

growth temperatures.

1A e GPx1

Relative transcript level
Relative transcriptlevel

Col-0 Kas-1 Cui-0 Ms-0 ws 4 Van-0 Col-0 Kas-1 i Ms-0 WS 4 Van-0
A. thaliana accessions A. thaliana accessions

Figure 3-42 Transcript levels oA. GPxlandB. GPx7in six accession oA. thalianarelative to Col0.

All plants were cultivated for twaveeks at 20C and then transferred for omeek to 10°C (blue bars),

20 °C (green bars) or 30C (red bars), for low, control or high temperature treatment, respectively.
Different letters identify groups of significant difference (ANOVA followed by Tukey test with

a significance level at p < 0.0Data are meansSD from two biological replicates, each representing an
independent RNA isolation from pools of six rosettes. Each biological replicate was analyzed in three

tecical repeats

3.3.3 Enzymes ofhe ascorbatedependent watewater cycle

Sulsequent comparison of the responsesAPx and tAPx transcripts levels to the
temperature acclimation revealed that mRNA abundance of both genes is regulated by
disturbance effdc(e.g.decrease in the transcript level in response to both, decreased
and increased temperature)almost alltested accesons(Figure 343). For sAPxonly

in Kas1 and Cvi0 and fortAPxin WS, C24 and Vaf different patterns of transcript
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accumulationthe sane mMRNA levels at two out of three arall tested temperatures)

were observed.

35 25
A 4 SAPx B tAPx

o o~
n [ n w
. L L

Relative transcript level

Relative transcript level
-
.

o
n
L

o

Col-0 Kas-1 Cvi-0 Ms-0 ws c24 Van-0 Col-0 Kas-1 Cvi-0 Ms-0 ws c2 Van-0
A. thaliana accessions A. thaliana accessions

Figure 3-43. Transcript levels oA. sAPxandB. tAPxin six accession oA. thalianarelative to ColO.

All plants were cultivated for twaveeks at 20C and then tainsferred for ongveek to 10°C (blue bars),

20 °C (green bars) or 30C (red bars), for low, control or high temperature treatment, respectively.
Different letters identify groups of significant difference (ANOVA followed by Tukey test with a
significancelevel at p < 0.01)Data are meansSD from two biological replicates, each representing an
independent RNA isolation from pools of six rosettes. Each biological replicate was analyzed in three

technical replicates.

3.3.4 Enzymes othe ascorbaterecycling system

The analyses of transcript levels encoding all ascoteatgcling reductases in response
to temperature acclimationFigure 344), showed that in almost all selected accessions
theabundancef DHAR mMRNA is regulatedy disturbance effedincrease in théevel

of transcript with both, increased and decreased growth temperature), whereas level of
GRmMRNA gradually decreased with the increase of growth temperature.

In contrast, stronger variability between tested accessiomgéas observed inthe
accumulationof MDHAR transcrips (Figure 344). In Kasl and Ms-0, their levels
gradually decreased with the growth temperatut@lenin WS, C24 and Vaf were
regulated by disturbance effetihe lowest abundance of mMRNA encodM®HARwas
detected or plants cultivated a0 °C). In remaining accession€ol0 and Cwi0,
significantly higherMDHAR transcript levels were observed in plants acclimated to

30 °C than in hosecultivated at 10 or 20C (similar level of this transcript at both,
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10 and 20°C), demonstrating strong responsivenessVi@iHAR expression to low

temperatures.
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Figure 3-44. Transcript levels ofA. MDHAR
B. DHAR and C. GR in six accession of
A. thaliana relative to Col0. All plants were
cultivated for two weeks at 20°C and then
transferred for one week to 2C (blue bars), 20C
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3.3.5 Accessionspecific variation

The analyses oftemperatureinfluence on the transcript levels of genes encoding
chloroplast antioxidant enzymesAn thalianaaccessions originating from habitats with
different temperatures and tematre amplitudes did not shogeneral habitat
temperaturegelated characteristics in gene expression regulékimure 345). Among

all analyzed genes the adaptive changes in temperature responsiveness could be
indicated onlyin plants acclimated to 1T for transcrips encodingCsd2and2CPB as

well as at30 °C for PrxQ mRNA and at 20°C for 2CPB and tAPx (Figure 345).

At 10 °C the highest accumulation @sd2and2CPBwas shown for CvD, whichin its
naturalenvironmentis never subjected to such low temperatures, while in accessions

frequentlyfacing at their natural habitats the temperatures 6CLthe amount of these
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transcripts wasignificantly lower (Figure 340 and 241). In contrast, at 30C the
highest abundance &rxQ mMRNA was detected iKas-1, which isnever subjectetb
such high temperatures in its natural environment, while WS;0y&ol0 and Cvi0
facing 30 °C in summer accumulated significantly lower lewdl this transcript
(Figure 341).
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Figure 3-45. Dependency of the transcript levels of genes encoding chloroplast antioxidant enzymes on
the average temperature at the natural habitats of tested accessions. The plants used for transcript analyses
were cultivated for two weeks at 2L and then transfezd for one week to 10C (blue lines),

20°C (green lines) or 3€C (red lines), for low, control or high temperature treatment, respectively.

115



Chapter 3. Results

6 5
GPx7 sAPx
45
5
4
35
— 4 1 -
H g 4
K] 2
s 225
[*} v
wn w
Fo F
15 |
1
1
05
0 T T T 0 T
1] 5 10 15 20 25 0 5 10 15 20 25
Average temperature at the natural habitat [*C] Average temperature at the natural hahitat [°C]
2 25
tAPX MDHAR
18
16 2
14
E 12 g
B, 3
] ‘o
" wn
g 08 g1
S 5
06
04 05
02
0 T 0 T
0 5 10 15 20 25 0 5 10 15 20 25
Average temperature at the natural habitat [°C] Average temperatureat the natural habitat [°C]
35 25
DHAR GR
3
2
25
T K
32 g
L £ 3
2 2
o o
g 15 2
g g 1
= ]
1
05
05
0 T 0 T
0 5 10 15 20 b 0 5 10 15 20 b
Average temperature at the natural habitat[°C] Average temperature at the naturalhabitat ['C]

Figure 3-45 (continued). Dependency of the transcript levels of genes eingodhloroplast antioxidant
enzymes on the average temperature at the natural habitats of tested accessions. The plants used for
transcript analyses were cultivated for two weeks at°@0and then transferred for one week to

10°C (blue lines), 20C (green lines) or 30C (red lines), for low, control or high temperature treatment,

respectively.
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3.4 Main chloroplast copper-containing proteins and their expression

regulation in different Arabidopsis thalianaaccessions

Previous analyses of natural variation in the expression regulation of chloroplast
antioxidant enzymesamong selected accessions Af thaliana revealed strong
variability in the accumulation ofCsd2 mRNA upon temperature acclimation.
Moreover, it was shown thahé expression of this gers the transcript levelvas
strongly agedependentTheseobservéions prompted for furthanvestigations ofCsd2
expression regulation to find whiadne fromupstream regulators of this process led to
obsened accessicrand ag-dependent variation.

Since, the expression ofCsd2is known to be regulated in micRNA dependent
manner by miR398, it was analyzed whetldetected variation dependsm miR398
regulationitself, on the regulation of its interaction partner Agol oritsnupstream
regulator miR168a.Moreover, the correlation between variation @sd2 mRNA
abundance and accessigpecific regulation of the transcript levels of other main

chloroplast coppecontaining proteins, PeEand CCS1, was studied.

3.4.1 The leve$ of transcripts encoding the main chloroplast coppeontaining

proteins

To check whetheupon temperature acclimation selectctessions of\. thaliana
differ in the expression regulation of main chloroplast copetaining proteins,
namely Cu/Znsuperoxide dismutase (CSP2he copper chaperone for SQDCS1)

and plastocyanin (PetEaJe levels of their transcriptgeremeasured in RNA samples
isolated from pools of six3-weekold rosettes ofthese accessions by quantitative
reattime PCR(gRT-PCR). Plants used in these studies were cultivated for two weeks
on soil containing 30 mg/kg coppata day / night temperature @D °C / 18°C and

then acclimated for one additional week to 10, 20 ot@G0rhese temperatures spiue
temperature range at the natural habitats of selected accessions.

The transcript abundances of all analyzed genes staredardizedn the transcript
level of Act2gene (At3g18780) and compared to the expression of the same gene in the
reference acasion Col0 grown at its optimal temperature, Z0.

All gRT-PCR reactions were performed for two biological replicates, each analyzed in

three technical repeats.
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3.4.1.1Copperzinc superoxide dismutase (Csd2)

The analyses dfsd2expression regulatioim plantscultivated atifferert temperatures
revealed that itmRNA levels responded to tengpature acclimation (Figure4®), what
was a preaequisite for transcript correlation studies. In general, the amour@sads#
MRNA gradually increased with gruvh temperature in almost all tested accessions,
except CwO, in whichCsd2transcript level at 20C (0.48 £ 0.07 relative to CeD)
was lower than that observed at 10 (0.79 £ 0.09 relative to CeD) and 30 °C
(2.01 £ 0.07 relative to CaD). It indicatedCvi-O-specific adaptation to temperature

fluctuations.

Csd2

Relative transcript level

Col-0 Kas-1 Cvi-0 Ms-0 Ws c24 Van-0
A. thaliana accessions

Figure 3-46. Transcript level ofCsd2in six accession oA. thalianarelative to Col0. All plants were
cultivated for two weeks at 20C and then transferdefor oneweek to 10°C (blue bars), 20C (green
bars) or 30°C (red bars), for low, control or high temperature treatment, respectD#fgrent letters
identify groups of significant difference (ANOVA followed by Tukey test with a significance lavel a
p < 0.01).Data are meansSD from two biological replicates, each representing an independent RNA

isolation from pools of six rosettes. Each biological replicate was athlpzhree technical repeats

Moreover, the adaptive changes in temperature responsivendsisbe indicated for
CsdZ2regulation (Figure 316). Among all tested accessions, the higlesd2transcript
level at 10°C was detected for CG@ (0.79+ 0.09 relative to CeD), which is neve
subjected to such low temperaturégta natural habitats, whileemaining accessions
(facing 10°C in wintep accumulatedhe Csd2mRNA at significantly lower levelthan
in Cvi-0. On the contrary, in responsedtevated temperature (3C) the weaketsand
the strongesincrease inNCsd2mRNA abundance was obsed for Cvi0O andKas1,

respectively. It showethat Cvi-0 oftenfacing 30 °C in summeinducedthe regulation
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of Csd2expression less than kas which is hardly subjected to such high tempees

at altitude of 1580 m in Kashmir Mountains.

3.4.1.2Copper chaperone of Csd2CS1)

Similar to Csd2, the comparison ofCCS1 expression regulatiorbetween plants
acclimated to different temperatures revealed thatlekel of encoding this gene
transcript increased with the growth temperature in all of the selected accessions
(Figure 347).
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Figure 3-47. Transcript level ofCCS1lin six accession of. thalianarelative to Col0. All plants were
cultivated for two weeks at 20C and thertransferred for oneveek to 10°C (blue bars), 20C (green
bars) or 30°C (red bars), for low, control or high temperature treatment, respectDifgrent letters
identify groups of significant difference (ANOVA followed by Tukey test with a signifiealevel at
p < 0.01).Data are meansSD from two biological replicates, each representing an independent RNA

isolation from pools of six rosettes. Each biological replicate was analyzed in three technical replicates.

Moreover adaptivechanges in temperature responsivenesee also indicatedor the
regulation of CCS1expression(Figure 347). Similar to Csd2 a 10 °C the highest
levels of thesetranscrips weredetected irCvi-0 (0.27+ 0.02 relative to CeD), which
is never subjected to such low temperatures its natural habitatwhile MsO
(0.08 £ 0.02 relative to CaeD), Van0 (0.07 + 0.01 relative to CeD) and Kasl
(0.06 = 0.02 relative to Col0) coming from much colder climaethan Cw0
accumulatedCCS1 mRNA in significantly lower amountsin contrast, stronger
induction of CCSlaccumulation in response to 30 was detected fdfas-1, Ms-0 and
Van-0 than for Cw0.
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3.4.1.3Plastocyanin

In the case of plastocyanin the focus was sePetkE2 which is more prominently
expressed thaRetE] responds to copper availability and affects the regulati@@sdf

andCCS1(AbdelGhany, 2009)

The analysesof PetE2 expression regulation in plantacclimated to different
temperaturegevealed thathe abundance of thesetranscriptswere more variable
among tested accessions Af thaliana than thoseobserved forCsd2 and CCS1

(Figure 348).

1,2

b PetE2

Relative transcript level

Col-0 Kas-1 Cvi-0 Ms-0 Ws c24 Van-0
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Figure 3-48. Transcript level oPetE2in six accession of. thalianarelative to Col0. All plants were
cultivated for two weeks at 20C and then transferred for omesek to 10°C (blue bars), 20C (green
bars) or 30°C (red bars), for low, control or high temperature treatment, respigctDiferent letters
identify groups of significant difference (ANOVA followed by Tukey test with a significance level at
p < 0.01).Data are meansSD from two biological replicates, each representing an independent RNA

isolation from pod of six rosettes. Each biological replicate was analyzéuree technical repeats.

However, the adaptive changes in temperature responsiveness could not be indicated for
PetE2regulation (Figure 348). Thus, in originating from contrasting climates-®land

Cvi-0 the same pattern dltetE2transcript accumulation in response to terapee
fluctuations (significantly lower level of this transcript at 10 than at 20°C and

30 °C) was detected. In contrast, in Khsand WS coming from similar habitats to
Ms-0, significantly higher amoustof PetE2mRNA weremeasured at 30C than at

10°C and 20C. Among remaining accessiongadual increaseniPetE2transcript

level with the growth temperature was observedoiiginating from coldcontinental

habitat Var0, while in comingfrom similar climate as Vaf), Col-0, the accumulation
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of PetE2was regulated by disturbancéeet (decreased upon eleea and decreased
growth temperature).

Despite no adaptive changes HetE2 transcript accumulation upon temperature
treatment further analyses revealed thhe levels of this mRNA positively correlated
in all accessionsvith both, Csd2and CCS1transcript abundancesmong them, the
weakest and the highest correlation were detected for @sdZPetE2 in Cvi-0
(rs= 0.165) and Ka4 (rs= 0.998), respectively (TableR.

3.4.2miR398§ its upstream regulators and theinfluence on the expression of main

chloroplast coppeicontaining proteins

The expression of botlgsd2and CCS1] is regulated posgtanscriptionally by miR398
(Sunkaret al. 2006; Beauclaiet al. 2010) In the genome oA. thalianamiR398 is
encoded bythree loci:MIR3983 MIR398band MIR398c.miR398b and c are identical

i n their sequence, whereas mi R398a differ
(Sunkaret al. 2006) However, the expression of all of them is known to be controlled

by upstream regulators, Agol and miR16@&aucheretet al. 2006) Moreover,
mMiR39& expression is linked tdPetE2 expression intensity via sensing the copper
availability (AbdetGhany, 2009) Taken together, itndicatesthat Csd2 and CCS1
transcript levels mght remain not only under control of miR398, but may also depend
on the expression éfetE2and upstream regulators of miR398.

To test this hypothesis, the abundancesnd®398a miR398b/¢ miR168aand Agol

were quantified using qRPCR in RNA samplessolatedfrom the same plants as that
used for analyses of transcript levels of genes encoding the main chloroplast copper
containing proteins.

The mRNA abundances of all selected genes winedardizesn the transcript level

of Act2gene (At3g18780andnormalized to the expression of the same gene irOCol

All gRT-PCR analyses were performed for at least two biological replicates, each
representing an independent RNA isolatfomm pools of six 3weekold rosettes of

A. thalianaaccessions accliated to different growth temperatures (2D or 30°C).

3.4.2.1 Correlation of Csd2 and CCS1 transcript levels with miR398 level

Comparisonof Csd2 and CCS1 mRNAs accumulation is selected accessions of

A. thaliana revealed thatat 20 °C in all of themthe levels of both transcripisere
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strongly correlated {r> 0.95; Table 3l), indicating that podiranscriptional regulation

of Csd2andCCS1lexpression by miR398 is widely conserved.

To test this hypothesis, the levelsmiR3Ba and miR398b/cwere analyzedin plants

acclimated to different growth temperatures (10, 20 or@pusing gRT-PCR and

subsequently compared with the transcript levelSsif2 CCSlandPetE2measuredn

the same accession.

Thecomparison of plants acclimated to 10, 20 ofG0ndicatedsignificant differences

in the accumulation ahiR398aandmiR398b/cat different temperatures in all selected

accessiongFigure 349). In general, the gradual decrease in the level of botheske

micro-RNAs with the increase in the growth temperature was observed. Moreover, in

accordance with the results obtainedviamasakiet al. (2007) miR398b/cwas stronger

expressed thamiR398a(Figure 349). Among tested accessionbethighesimiR398a
level was detected i@vi-0 acclimated to 10C (36.62+ 0.40) and the lowest in M3 at
30 °C (28.25% 0.93), whereas the level ahiR398b/cwas the highest in Kak
acclimated to 10C (43.96+ 0.28) and the lowest in G@ at 30°C (37.30% 0.13).
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Figure 3-49. Mature A. miR398aandB. miR398b/devels in seven accessionsAfthaliana cultivated

for two weeks at 20 °C and then transferred for one week to 10 °C (blue bars), 20 °C (green bars) or 30

°C (red bars) for low, control or high temperattneatment, respectively. Expression levels are given on

a logarithmic scale expressed asi4@pCt ,

wher e

pCt

i RT-PGRhtlerestabld €yElee r e n c e

number of themiR398and the reference gerfect2, whereas 40 is the cycle number wheRTGPCR

reaction endsDifferent letters identify groups of significant difference (ANOVA followed by Tukey test

with a significance level at p < 0.0%)ata are means +SD from two biological replicates.

To check whether thposttranscriptional regulation a€sd2and CCSlexpression by

mMiR398 is conserved among. thaliana accessions, theniR398aand miR398b/c
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Chapter 3. Results

abundanceqFigure 349) were compared withCsd2 and CCS1 transcript levels
(Figures 346 and 347). The comparison revealed that in each of the te&stedekold
accessions high and low lesebf miR398 were accompanied bylow or high
abundance of Csd2 and CCS1 mRNAs respectively. This indicated that the
posttranscriptional regulationf Csd2and CCSlexpression by miR39& conserved

among all selected accessions.

Since the levels omiR398a miR398b/¢ Csd2 and CCS1were quantified in each
accession at three different temperatures, it was possible to assess for every of them
how well the decrease in the abundancand®398swith the growth temperature
correlated with the increase @sd2andCCS1steadystate mMRNA levels. The analyses
were performed using Spear maacolasted fomeweky cor r
pair of genes (Table-B).

The compariso of accessions revealed that the decreasaiiRB98aand miR398b/c
abundance with the growth temperature was almost perfectly correlated® @5) with

the increase il€sd2and CCSltranscripts levels in M§, WS and C24Table 31). In

Kas-1, miR398aand miR398b/clevels were better correlated with the expression of
Csd2(rs < -0.92) thanCCS1(rs > -0.9). In Van0, almost perfect correlation was shown

for pairsmiR398a/CsdZrs = -0.978),miR398bc/Csd@s = -0.999) andniR398bc/CCS1

(rs = -0.937), while the levels aniR398aand CCS1were correlated slightly worse

(rs = -0.866). Nevertheless, the strongest accession specific regulatiGsd@fand
CCSlexpression byniR398swas observed for C¥@ and Col0 (Table 31). In Cvi-0,

t he Spear manos rank correl at inoRB98adCsdR f f i c i
(rs = -0.660) andniR398a/CCS1rs = -0.862) than fomiR398bc/Csd?rs = -0.908) and
mMiR398bc/CCS1(rs = -0.994), suggesting thafsd2 and CCS1 expression in this
accession is preferentially regulated byiR398b/c.On the contrary, in Ced the
transcript levels ofCsd2 and CCS1were better correlated with the abundance of
mMiR398a(rs < -0.97)thanmiR398b/drs > -0.9).
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Table31.Spear manods r ank c @)iforamdlyaet pawsrofgenese f f i ci ent s (r
Accession Csd2 Csd2 CCs1 CCs1 petE2 petE2 Agol petE2 petE2 Csd2 Agol Agol miR168a miR168a
miR398a miR398b/c mMiR398a miR398b/c mMiR398a miR398b/c mMiR168a Csd2 CCS1 CCS1 Csd2 CCS1 Csd2 CCS1
Col-0 -0.971 -0.800 -0.992 -0.863 -0.595 -0.231 0.278 0.769 0.691 0.993 0.354 0.245 -0.800 -0.963
Kas-1 -0.925 -0.931 -0.881 -0.888 -0.946 -0.951 0.849 0.998 0.987 0.995 -0.983 -0.997 -0.931 -0.888
Cvi-0 -0.660 -0.908 -0.862 -0.994 -0.850 -0.564 0.672 0.165 0.467 0.949 -0.299 -0.584 -0.908 -0.994
Ms-0 -0.967 -0.977 -0.978 -0.986 -0.974 -0.963 0.797 0.883 0.904 0999 -0.649 -0.684 -0.977 -0.986
WS -0.951 -0.968 -1.000 -0.999 -0.924 -0.900 0.382 0.761 0.919 0.955 -0.603 -0.339 -0.968 -0.999
c24 -1.000 -0.996 -0.960 -0.982 -0.818 -0.869 -0.738 0.818 0.947 0.960 0.672 0.853 -0.996 -0.982
Van-0 -0.978 -0.999 -0.866 -0.937 -0.920 -0.973 0.633 0.982 0.993 0.993 -0.597 -0.323 -0.973 -0.937
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3.4.2.2Sequence analyses of miR398s and their target sites in Csd2 and CCS1

The transcript levels ofCsd2 and CCS1 were strongly correlated witimiR398s
abundance in some accessions, but only loosely in the others (T-dbhleSach
differences between tested accessions could be a result of either, specific individual
control of Csd2and CCSlexpression or mutations in the sequences of the rRblA

or in its binding site intargetgene. To distinguish between these two possibilities, the
sequences ahiR398sand their target sites i@sd2and CCS1were compared among
testedA. thalianaaccessins.

The comparison revealed no variation in the analyzed sequ@igase 350). Thus, it

can be assumed that the binding affinitytoR39840 the transcripts a€sd2andCCS1

is the same in all accessions and the regulatory force of the testeedRNArdepends

only on its level.

B.
Cal0 GG Coko o
Has-1 i A Hag-1 Ll
Cui-0 Tl T Cui-0 =
A0 & Tl T A0 =
Wws Tl T Wws =
c2d Tl T c2q =
l/zn-0 LERILER lizn-0 el
oo 20 D. . .
Col-0 GEGGGGACC G A s T G- (e
faad (TS DG 6T AC DTG5 A A A EATA Mgt TG0 A A E TG G 6 A A C A
Cui-0 T G 3 03 TS A 0 T35 G A A B A TLAL Cui-0 DT T 5 5 5 A A B B TG GG A AT AT
A0 T G 3 03 T A 2 T 505 G A A B A T W0 b T T 5 5 3 5 B TG G A A A
ws Mo 0G5 oM AL TGS 6 AAAEATA ws e e 0 As ARETGGEAADAD
c24 T 065 6T A CE TGS 6 AALEATA cod M Te 6 e ne ARETS 66 AADAL
Vom0 (TGS DG G5 TS A D DTG 5 G A A B AT Vom0 TG G A A G G TG G 0 A

Figure 3-50. Multiple sequence alignments &f miR398a B. miR398b/cand sequences recognized by

them inC. Csd2andD. CCS1transcripts in selected accession&\ofhaliana

To test the second possibility antb check what stabilize or breaks the
miR398dependent regulation @sd2andCCS1ImRNA levels, the correlation analyses
of miR398samounts with the transcript abundances of their upstream teguRetE2,

AgolandmiR168awere performed.
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3.4.2.3 Correlation of PetE2 transcript level with abundance of miR398

The comparison dfested accessioracclimated to different temperatunes/ealed that

thelevels ofPetE2transcriptwere wellcorrelated withthe abundancesf miR398aand
miR398b/c(rs < -0.9) only in Kasl, Ms-0, WS and Va0 (Table 31). Among all of
them, the strongest negative correlationpair miR398a/PetE2vas indicatedn Ms-0
(rs = -0.974) ad for that ofmiR398bc/PetE2n Van0 (r; = -0.973) demonstrating
almost perfect link oPetE2andmiR398sxpressionin contrastthe levels 0oimiR398a
and PetE2were weakly correlated in GOl (rs = -0.595), while that omiR398b/cand

PetE2in Col0 (rs = -0.231) and CwvD (rs
corr el aiR398arPetlEZn ©-D0.81B)ande nt s

Spearmands rank

-0.564). Among remaining accessipns

MiR3Bbc/PetEArs =-0.869) in C24, and faniR398a/PetE2rs = -0.850) in CviO.

3.4.2.4 mR168aAgol auteregulon

To check whether the abundancem@R398dgs controlled by their upstream regulators,

the levels ofAgol and miR168awere analyzed in-8eekold A. thalianaaccessions

acclimated to different temperaturesd pairwise compared witthe amountsof

miR398gFigure 351).

14
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Relative transcript level
o
o
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o
o
o
o
{4

Col-0 Kas-1 CQvi-0 Ms-0 ws 24
A, thaliana accessions

Agol

Col-0

Kas-1

miR168a

Cvi-0 Ms-0 ws 24 Van-0
A. thaliona accessions

Figure 3-51. The level ofA. AgolandB. miR168ain seven accessions &f thaliana.All accessions

were cultivated for two weeks at 2C and then transferred for one week to XD (blue bars),

20 °C (greenbars) or 30°C (red bars), respectivelyDifferent letters identify groups of significant

difference (ANDVA followed by Tukey test witta significance level at p < 0.01 féigolor p < 0.05 for

mMiR1683. Data are meansSD from two independent replicates.
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The analysesevealedhat the levels of both mRNA#&golandmiR168a significantly
differed between selected accessions andoéeature treatments (Figure53). The
transcript abundance o&gol increasedor decreast in parallel upon elevated and
decreased growth temperature @ol-0, WS and VarD, was similar at all tested
temperatures in Kas and C24 or was the highest at°IDand the lowest at 3T in
Cvi-0 (Figure 351). Similar variability between tested acstons was observedsofor
accumulation ofmiR168a (Figure 351). The level of this micr&RNA gradually
decreased with the gwth temperature in C\d, Ms-0 and WSwas significantly lower

at 30C than at 10 and 28C in Col0 and C24 or the highest at 10 and similar at

20 and 30C in Kas1 and Var0. However, despite high variability in the accumulation
of Agoland miR168abetween tested accessions, no adaptive changes in temperature
responsiveness could belicated forexpressiomegulationof these genes.

Since Agol transcript level is podtranscriptionally regulated byniR16&, also the
correlation analyses for this pair of genes were perforfiatile 31). The calculated
Spear manos r aeffigients showedkpositiveicarralatian etweegoland
miR168afor all tested 3wveekold accessions acclimated to different terapses,
except C24(rs = -0.74), in which the levels of both analyzed RNAs were correlated
negatively. However, in most of dh selected accessions the correlation of
Agol/miR168awas weak, indicating that mi®8aAgol auteregulon described by
Vauchereet al.(2006)is generally weaker than that controlled by miR398.

3.4.2.5 Influence of Agol and miR168a transcripts abundamcehe expression of
Csd2 and CCS1

To analyze the impact ohiR168aand Agol abundances on the pdsanscriptional
regulation ofCsd2andCCS1lexpression, their transcript levels were pairwise compared
in selected accessiofffable 31). Among all ofthem, the abundance @hiR398swas
strongly correlated with the level &golonly in Kasl (rs < -0.93), while in other
accessions for tested pairs of genes either, weak negative or positivetioorrelas
observed. It indicatethat Agolexpression onlyveakly impacts the transcript levels of
Csd2 and CCS1 On the contrary, the abundance rafR168awas well to almost
perfectly negatively correlated witisd2and CCS1ltranscript levels, suggesting that
miR168amight modulate the strength of miR388ntrolled regulon.
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3.4.3The miR398Csd2CCSL1 regulm is developmentally controlled

Significant differences irCsd2transcript accumulatioobserved between-Beekold
and6-weekold A. thalianaaccessions, encouragtmcheck whether the expression of
other copperontaining proteins and their upstream regulators is also developmentally
controlled. Thereforethe levels ofCsd2 CCS1 PetE2and Agol mRNAs as well as
abundances of maturmiR398a miR398b/cand miR168awere measured iselected
6-weekold A. thalianaaccessions using gRACR and subsequently compared with the

levels of the same gene obtained 3aweekold onesacclimated to 20C.

Main chloroplast coppetzontaining proteins@sd2 CCSlandPetE2

The comparison o€sd2 CCSland PetE2transcript leveldetween 3nveekold and
6-weekold A. thalianaaccessions revealed thie expression of ajenes encoding

main chloroplast coppearontaining proteings regulated in agdependent manner
(Figure 3-52).
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Figure 3-52. Comparison ofA. Csd2 B. CCS1

andC. PetE2transcript levels betweenBeek

12

old (green bars) and-®eekold (red bars)
A. thalianaaccessiondDifferent letters identify
groups of significant difference (ANOVA
followed by Tukey test with a significance lev

Transcriptlevel

at p < 0.01). Data are mear$D from two

independent RNA isolation, each representi

Col-0 Kas-1 Cvi-0 Ms-0 ws c24 Van-0
A. thaliana accessions

three technical replicates.
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Among all analyzed genes encoding coppamtaining proteinsexpression regulation

of CCSlwas the weakest influenced by developmental stagdl analyzed accessien
(Figure 352). In general, the level of thisanscript differed between\8eekold and
6-weekold plants onlyin Col-0 and C24, in which respectively decrease or increase
with the ageof plantswas observed. In contrast, no differences were detected in the
accumulation o£CS1between younger and older KhsCvi-0, Ms-0, WS and Var0.

For remaining genes, strongiian forCCSlinfluence of developmentatageon their
expressiorwas observed (Figure®). In general, the level dEsd2transcript increased
with the age of plant in all selected accessions, vAeE=2mRNA was accumulatein
higher amounts in younger than in older plaAmmong all tested accessionbe highest
increase inCsd2 transcriptlevel with the age oplants (more than eightfold) was
indicated for WS, whereas the amountPaftE2transcript was the strongest redd in

older plants of CaD.

mMiR398s MiR398aandmiR398b/¢

The same analyses as for genes encoding main chloroplast-coppaning proteins
were performed for the levels of matureR398aand miR398b/c(Figure 3-53). They
revealed thaexpressionof genesencoding these micfBNAs in almost all tested
accessiongexcept Kasl) is strongly agedependen(Figure 353).
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A. thaliana accessions A, thaliona accessions

Figure 3-52. Comparison of maturd. miR398aand B. miR398b/cabundances betweenwiekold
(green bars) and-@eekold (red bars)A. thaliana accessionsDifferent letters identify groups of
significant difference (ANOVA followed by Tukey test withsignificance level at p < 0.p%Data are

meanstSD from two indpendent RNA isolation, each representing three technical replicates.
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In general, increase in the levels of botlR398swith the age of plants was observed in
all of the tested accessions (Figures3. Since, miR398 negatively regulates the
expressionof Csd2 and CCS1 consistently with the results obtained for the
accumulation ofCsd2and CCS1transcripts (Figure -52), lower level of transcripts
encoding these coppeontaining proteins should be observed in older than in younger
plants. However, siicpattern was indicated only for accumulationG&S1transcript

in almost all tested accasns(Figure 352), what showsthat miR398s preferentially
regulate the expression of copper chaperolCga2(CCS1)than that ofCsd2

Upstream requlators ofiR398s AgolandmiR168a

Similar to miR398s the variation in the expression teir upstream regulators,
miR168aand Agol, wasalsoinfluenced by developmental stage of the piardlmost
all tested accessiorfgigure 354). In general, younger platiccumulated mor&gol
transcript than the older ones, while the levafl miR168awere higher at later than at
earlier from analyzed developmental stag8sch inverse patterns observed in the
accumulation of Agol and miR168a for all tested accessipnindicated that

Agol-miR168a auteaegulon is active during the whole developmenAothaliana

A Agol B miR168a
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Col-0 Kas-1 Cvi-0 Ms-0 WS 24 Van-0 Col-0 Kas-1 Cvi-0 Ms-0 ws 24 Van-0
A. tholiana accessions A. thaliana accessions

Figure 3-54. Comparison ofA. Agoltranscript and. maturemiR168aabundances betweer&ekold
(green bars) and-@weekold (red bars) A. thaliana accessionsDifferent letters identify groups of
significant difference (ANOVA followed by Tukey test with a significance level at p < 0.0AgofLand
at p < 0.05 fomiR1683. Data are meansSD from two independent RNA isolatioeach representing

three technical replicates.
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3.5Regulation of chloroplast antioxidant system uporiong-term cold stress

conditions amongArabidopsis thalianaaccessions

The temperature acclimation studies of chloroplast antioxidant system among
A. thaliana accessions originating from distinct habitatstioé rorthern hemisphere
revealed that thievels of transcripts encodiral enzymatic components of this system
were regulated in accessiespecific manner andespondedto growth emperature
(see chapter 3.3)Such observationof different strategies in the adjustment of
chloroplast antioxidanenzymes expression durirgyolutional adaptation of selected
accessions to their natural habitats aedlimation to stressfugnvironmental stimuli,
suggest that the control of this system might also have an important role in plant
adaptation tainfavourablegrowth conditions.

Sincelow temperature has a huge impact on the survival and geographical distribution
of plants, the @sponse of chloroplast antioxidant systena tong-term (2-weeklong)

cold stressvas studied amongleven originating from distinct habitataccession®f

A. thaliang namely Col-0 (186 AV), Kasl (N1264), Cw0 (166 AV), MsO

(93 AV), WS (84 AV), C24 (183 AV), Vaf (161 AV), Car0 (163 AV), Sak0 (233

AV), N13 (266 AV) and N14 (267 AVjsee Table A for a list of selected accessions
and characterization of their natural habitatspr these analyses, the basic set of
accesions investigated before (G0J Kasl, Cvi0, Ms0, WS, C24 and Vaf) was
extended by additional accessions (N14, N13,-Cand SalD), which have been
intensively studied for induction of cold toleran@theret al. 2012) For the analyses,

all of these accessions were grown for six weeks on soil in a greerdiotineeMPI for
Plant Physiology (Golm; collaborationith D. Hincha and E. Zuthegt a day / night
temperature 020 °C / 18 °C (NA plants) and then transferfedadditional two weeks

of cold acclimation taa 4 °C growth chambgACC plants) The cold treatment was
followed by three days of dacclimation in a greenhouse (DeAl, DeA2 and DeA3
plants).

3.5.1 Expression regulation at the transcript level upon lotgrm cold stress

The influence of longerm cold stress treatment on the accumulation of transcripts
encoding chloroplast antioxidant enzymes, namé&lgd2 (At29g28190), 2CPA
(At3g11630), 2CPB (At5g06290), PrxQ (At3g26060), PrxIIE (At3g52960), SAPx
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(At4g08390), tAPx (Atlg77480), GPx1 (At2g25080), GPx7 (At4g31870), MDHAR
(At1g63940),DHAR (At1g19550) andsR (At3g54660), was analyzed using fRCR

in RNA samples isolated out of pool of five rosettes harvested at each experimental
time point (NA, ACC, DeAl, DeA2 and DeA3 plants)

C; values obtained for all selected genes were normalized by subtracting the mean of
four reference gene#ct2 (At3g18780), GAPDH (At1g13340),EXPRS(At29g32170)
andPDF2 (At1g13320).

All expression studies were performed for two biologiegilicates,each analyzed in

two technical repeats. However, the results obtained for the first and the second
biological replicate significantly differed (Figure55). It was suggested that these
differences might be due a different light regimes inrgenhouse during cultivation of

the first (light on between 6 am and 10 pm during the whole experiment) and the second
(for NA plants the light was all the day off, whereas during thaadimation phase

light was on only betweeni610 am and i 10 pm)set of plants.
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Figure 3-55. Expression of genes encoding chloroplast antioxidant enzymes in selected accessions of
A. thalianabefore (NA plants) and aftd ACC plants)14 daysof cold acclimation at 4C, as well as
duringde-acclimation phaséDeA1-3 plants). Panels A and B show the results obtained for the first and
the second biological replicate, respectivdlfie accessions are ordered from the lowes} Bfter cold

acclimation on the left to the highest on the right.
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In general, for the plants harvested in a greenhouse (NA and-Bednts) stronger
activation of chloroplast antioxidant system at the transcript level in the second than in
the first biological reficate was observed (Figure53), indicating that thelants from

the second biological replicate were cultivated under more severe growth conditions.
However,in the second biological replicat¢éA and DeAl3 plants were subjected to
different stresstimulus(high light stress) than ACC plants (cold stress), what makes
the effects of cold and light on the expression regulation of chloroplast antioxidant
enzymesdhard to distinguishTherefore, only the results obtained for the first biological
replicate, in with the regulation of chloroplast antioxidant system was affected by
single stimulus (cold), will be analyzed in details.

In all of the graphgresented belowselectedaccessions are ordered according to the
increasing Lo (temperature at which 50 $teezingdamage occurred) measd for

ACC plants (Figure %6; datakindly provided by E. Zuther and D. Hincha, MPIMP,
Golm, Germany The freezing damagen these accessionsvas determined

as electrolyte leakage after freaziof detached leaves to temperatures ranging from
-1t0-25°C at 4 °C H followed by measurement of conductivity in the waf@ohde

et al.2004; Hannalet al.2006) Theobtainedvalues of L, give the information about

the cold acclimation capacitpf teded accessions and, moreover, @gelated with the

latitude of their geographical orig{@utheret al.2012)

N14 N13 Ms-0 WS Col-0 Cvi-0 Kas-1 Van-0 C24 Can-0 Sah-0

LTso [°C]
&

-10 -

=12

-14

Accessions of A, thaliana

Figure 3-56. LTsq measured for leaves of select&dthalianaaccessions before (NA plants; blue bars)

and after (ACC plants; red bars) 14 days of cold acclimatiorf@t 4

The analyses of Lshrevealed that originating from Russia N14 and N13 were the most

freezing tolerant accessions (the lowest values gf)l.While coming from Spain Sa@
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and Car0 were characterized by the lowest tolerance to thezing temperatures
(Figure 356).

3.5.1.1 Copperzinc superoxide dismutase (Csd2)

The comparison ofCsd2 mRNA levels between selected accessionsAothaliana
subjected to longerm cold stress treatment revealed that the accumulation of this
transcript at each experimental tipeint was controlled in accees-specific manner
(Figure 357), indicatingthattested accessions atclimationto low temperatureased
different strategies ajene expression regulation.

For NA plants, there seemed to be a tendency t@tagher Csd2transcript levels in
the most(N14, N13) and théeast(CanO and SafD) freezing tolerant accessions than
in the ones characterizdry middle tolerance to déezing temperatures (kige 357).

It indicated thatat growth temperature optimized for @lday / night temperature of
20 °C / 18 °C)Csd2expression is strongly activatexhly in the accessions adapted
at their natural habitate lower(N14, N13 and M) or higher temperaturgCan0 and
Sah0) than that foCol-O.

7] Csd2 @ NA Plants
HACC plants

H DeAl plants
ODeA2 plants
H DeA3 plants

Transcript level

N14 N13 Ms-0 WS Col-0 Kas-1 Van-0 C24 Can-0 Sah-0
A. thaliana accessions

Figure 3-57. Transcript levels ofCsd2in ten accessios of A. thaliana upon longterm cold stress
treatment. The mRNAbundances of this gene were measured in NA plants (green bars), ACC plants
(red bars), DeAl plants (blue bars), DeA2 plants (yelban§ and DeA3 plantsvolet bars) using qRT

PCR. All analyses were performed for one biological replicate representiAgisdhated from pod of

five rosettes.
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Correlationof Csd2expressionwith LTso could be shown also for some of the tested
accessionspon cold acclimation (Figure-87). In generalthe most freezing tolerant
ones (N14 and N13) accumulated at°€ (ACC plants) less Csd2 transcript than
nonacclimated plants (NA plantsyhile in almost all accessions (except €ynwith
lower freezing tolerance than N14 and N13 either, similar or higher amou@tsdaf
MRNA than in NA plants were measured for AC@ms. Moreover, the strongest
differences inCsd2transcript accumulation between NA and ACC plants were detected
for N14 (twofold decrease) and WS (twofold increasajicating thain both of them
cold treatmenthad the strongesimpact on theCsd2 expression among all tested
accessions

In contrast,no correlation ofCsd2 transcript accumulatiorwith LTso of selected
accessions could be observed durimgadclimation phase (Figure5¥). On the first
day of this phas€éDeAl plants) the level ofCsd2 mRNA was higher than in ACC
plants for N14, N13, Ka4, Van0 and CarD, suggesting that the switch from lower to
higher temperatures might lead timese accessions to te&#ongestinduction of ROS
production andin response to high ROS levglstrong ativation of chloroplast
antioxidant enzymes. In contrasdwer Csd2transcript levein DeAl than in ACC
plants were observed f&@ol-0, Ms-0 and WS, the accessions, which at their natural
habitats are subjected to such changes from lower to higher tgomesrat least during
season chandgeom winter to spring.

On the second and the third day otatzlimationphase (DeAZ plants) decrease in
Csd2 mRNA abundance was showmrfall of the tested accessions (FiguresB.
However, as for NA plants, highéevels of this transcript were generally observed for
the most (DeA2 plants of N14, N13, Ms as well as DeA3 plants of N14 and -Bis
and the least (DeA2 plants of G@nand SalD, as well as DeA3 plants of Sah
freezing tolerant accessions than foaittwith the middle tolerande low temperatures
(WS, Col0, Kas1, Van0, C24).

3.5.1.2Enzymes aheascorbateindependent watewater cycle

The same analyseas forCsd2were performed alstor peroxiredoxins ZCPA 2CPB
PrxQ andPrxIIE) andglutathione peroxidase&Px1landGPx7). Theyrevealed that the

accumulation of transcripts encoding all of these enzymesall experimental
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time-pointswasregulated by cold in accaesn and geespecific manner (Figuress8
and 359).

Peroxiredoxins 2CPA 2CPB PrxQ andPrxIIE)

As for Csd2 the highestlevels of transcripts encoding almost all analyzed
peroxiredoxins (exce®rxIIE) weredetected in NA plants of the most freezing tolerant
accessions (N14 and N1 while inthe less tarart onesfor eachPrx different trends

in the accumulation of MRNAs were obsen{Edyure3-58). In general, lower levels of
2CPA and PrxQ than in N13 and N14 were detected for all remaining accession,
indicating that these genes are the most active inpthets originating from cold
habitats(N13 and N14)In contrast, no correlation between natural habitat of tested
accessions and accumitiden of transcripts encodingCPB and PrxIIE was observed
(Figure 358). The highest levels d?rxIIE were detected in N13, WS, and Sahwhile
accumulation o2CPBwas the strongest in N13, N14, \Varand CarD.

In ACC plants higher levels &2CPA transcript than in NA plants were detected for
almost all tested aessions, except N14 (Figure58). Among them, the strongest
induction of 2CPA expression in response to cold acclimation was observed in
originating from continental climates G06land WS, asvell as in coming from dry and
hot habitat Sal®. In contrast, in ACC plants higher levels2EPB transcript than in

NA plants were detected only for WS, C24 and-8akvhile in ACC plants of other
tested accession@CPB was accumulated in lower amountBan in NA plants
(Figure 358).

Moreover, it was shown that upon cold treatment@dkasl, Van0, Canr0 and N13
controlled the transcription c2CPA and 2CPB inversely (increase and decrease in
accumulation o2CPA and 2CPRB respectively)while in other accessions changes in
the same direction dominated (increase in the lev@G#Hsfor WS, C24 and Saf or
decrease for N14). Since different trends in the accumulati@@Bgwere observed in
accessions originating from similar climatesg; Car0 and Saf0 or Col0 and WS), it
indicated that the expression 6fC¥s peroxiredoxins in plants subjected to cold stress
is regulated rather in accession than in habiégtendent manner.

The expression of remaining peroxiredoxifsx@Q and PrxIIE) upon cold treatment
was regulated in similar way to that observed2GPB (Figure 358). In ACC plants

the levels of both analyzed transcripts increased (in compangbnNA plants) in
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Col-0, WS and Sald, while in other accessions, either, slightly increased-(KHawx
decreased (M6, N13 and N14) levels ¢frxQ andPrxIIE transcripts were detected.

On the first day of dacclimation phase (DeAl plants), the levels of transcripts
encoding all analyzeBrxsin the most freezing tolerant accessions (N14 and W&8g
slightly lower than in NA plantg&nd higher than in ACC plantsdicating that the
expression ofPrxsin these accessions riather activated in response to 20 than to
lowertemperature$4 °C). In contrast, remaining accessions accumulated the transcripts
encoding almost alPrxs (except ZPB) at the highest level in ACC plants, showing
induction ofPrxsexpression at low temperature°@).

On the second (DeA2 plants) and the third day (DeA3 plants)-atdenation phase
lower levels of all analyzedrxs than in DeAl plantavere observed in almost all
accessions (exceCPAand2CPBin DeA2 plants of N13, as well &CPA PrxQ and
PrxIlE in DeA2 plants of Mg)), demonstrating that activation &rxs expression by
low temperature lasted only for a short time.

Glutathione peroxidase§&PxlandGPx?7)

Upon cold stress conditions different expression regulation at the transcript level than
thatshownfor peroxiredoxins was revealed for glutatie peroxidases (Figure53).

In NA plants, there seemed to be a tendency towards strdBBe&d transcript
accunulation in the more freezing tolerant accessions (N14, N13 ar@)Mshile
higher levels ofGPx7 mRNA were observed in almost all accessions (exceptOpah
with low tolerance to cold, namely a0, C24 and Cal (Figure 359).

It showedthat at growth temperature optimized for ©o(day / night temperature of

20 °C / 18 °C)GPx1 and GPx7 expression was strongly activated in the accessions
originating from respectively colder or warmer habitats tharGCol

Upon cold treatmen{ACC plants) the mRNA abunance of GPx1 in all tested
accessions was lower than in NA plants, but stronger reduction was shdhwos@
originating from colder habitats (N14, N13 and-Msthan in that adapted to warmer
climates (WS, CaD, Van0, C2, Canr0 and Saf0) (Figure 359). Thisindicated that

the expression dbPx1at the transcript level is regulated in habitat dependent manner.
In contrast, no correlation between mMRNA accumulation and natural habitat of tested

accessions was detected fGPx7 (Figure 359). In ACC plans the leve of this
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transcript was eithdnigher (for Col0 and SatD) or lower (for WS and Ca@) than in

NA plants for accessions from warmer habitats, while in the ones adapted to colder
climates (except M®) the GPx7 mRNA abundance was below detectitevel
(Figure 359).

GPx1

Transcript level

N14 N13 Ms-0 Ws Col-0  Kas-1 Van-0 €24  Can0 Sah-0
A. thaliana accessions

E NA Plants GPx7
0,4 | HACCplants

H DeA1l plants
O DeA2 plants

H DeA3 plants
0,3

0,2 1

Transcript level

0,1 4

N14 N13 Ms-0 wWs Col-0 Kas-1  Van-0 c24 Can-0  Sah-0
A. thaliana accessions

Figure 3-59. Transcript levels ofGPx1and GPx7in ten accessions &. thalianaupon longterm cold

stress treatment. The mMRNA abundances of these transcripts were measured in NA plants (green bars),
ACC plants (red barspeAl plants (blue bars), DeA2 plants (yellow bars) and DeA3 plants (violet bars)
using gRFPCR. All analyses were performed for one biological replicate representing RNA isolated
from pook of five rosettes.

Moreover, inGPx1and GPx7mRNA abundancestrorger variation, than for any other
analyzed transcript, was shown during-atelimation phasgFigure 359). GPx1
transcript level was the higheatDeA2 plantsand the lowest in DeA3 plants almost
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all tested accessions (except ©plWS and N14)showng that, in contrast t&rxs
(the greatest transcript accumulation in DeAl plants), expressioBPofl is the
strongest induced on the second day ehdgimation phase. On the contramqyRNA
abundancef GPx7gradually decreased during-declimation phase in Cdl, C24 and
Can0, was the highest in DeA2 plants for Salnd be lowest in DeA2 plants for WS
(Figure 359).

3.5.1.3Enzymes dheascorbatedependent watewater cycle

Upon longterm cold stress conditions habitipendent variation in the expression
regulation of chloroplast antioxidant enzymes was observed also for ascorbate
peroxidasessAPxandtAPx(Figure 360).
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For NA plants, the highest levels of transcripts encodAigxwere detected in N14nd
CanO0, being the most and one of the least freezing tolerant accgseespectively
(Figure 360). Similarly, tAPxmRNA was accumulated in the greatest amounts in N14,
but, in contrast tosAPx among remaining accessions the highest levelsABi
transcript were detected in Gdland Var0 (Figure 360). Thisindicated that at growth
temperature optimized for GOl (day / night temperature &0 °C / 18 °C)the
expression oAPXxsis the strongest induced in accessions originating from much colder
climates than Cel, while in the onefrom similar or warmer habitats different patterns
of transcript accumulation were observedgAPxandtAPx

Upon cold treatmenfACC plants) the accumulation a§APxtranscript was induce@n
comparison with NA plants)n all testedA. thaliana accessions (except N14), but
strongerincrease was revealed fthroseoriginating from cold and continental climates
(Ms-0, WS, Col0 and Kasl) than forthosefrom warmer habitats (Va@ and CarD)
(Figure 360). In contrast, mMRNA abundance tAPx decreased in almost dheezing
tolerant accession@xcept N13)and increased in tHess tolerant ones (except \Vah
(Figure 360). This indicated different regulation dfoth analyzedA\Pxs expressia in
accessions adapted to diverse climates.

Moreover, the habitadependent variation was observed for paraloggulation of
APxsexpression (transcript levels sAPxvs. tAPX (Figure 3-60). Similar to 2CPs
upon cold treatmentalmost all less freezing tolerant accessiogsntrolled the
transcription ofsAPx and tAPx inversely (increase and decrease in accumulation of
sAPxand tAPx respectively), whilen the more toleranbneschanges in the same
direction dominatedincreaseor decreasin the level ofboth APXs).

In addition, strong differences the accumulation ofAPxstranscriptavere observed in

all tested accessions during-aeclimation phas¢Figure 360). In generalin all of
themthe level of bothAPxsdecreased in the cae of this phase, however at these
experimental time point§DeAl-3 plants) no habitatdependet patten could be
revealed (Figure-80).

Moreover, srong differences betweesAPxandtAPxwere observed in théming of the
strongest induction of their expression. In almost all tested accessions, the highest
transcript level o8APxwas detected in ACC plants, while thattAPxin DeAl plants
(Figure 360). Thisindicated that the expressionsAPxis the strongesdctivated upon
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cold stress (4°C), while that of tAPx right after change from low into higher
temperature (¥ 20°C).

3.5.1.4Enzymes dheascorbaterecycling system

Among all enzymes of ascorbatecycling system, dbitatdependent characteristics in
the temperature responsivenesghdir expression regulation could be observed upon
long-term cold stress conditions only fiDHAR (Figure 361).

For NA plants, the tendency of slightly higher transcript accumulation in the more
freezing tolerant accessis (N14, N13 and M8) was observed faiIDHAR, while for
DHAR and GR no correlation between mRNA levels and natural habitat of tested
acces®ns could be shown (Figure&). The highest amounts BIHAR transcript were
accumulated in WS, whereas thatGRRin N14, MsO and WS (Figure-81).

Upon cold stress conditiorf®&CC plants)all tested accessions accumulated increased
amounts (in comparison with NA plants) BIDHAR and GR transcripts and similar
(except WS) of that encodin@HAR (Figure 361). Among them, the highest
differences between NA and ACC plants (more than twofold increase) were detected for
MDHARIn N13, WS, Kasl, Cot0, C24 and Sab, while forGRin N13 WS, C24 and
Sah0 (Figure 361).

Strong differences in the accumulation of transcripts encoding ascogostding
enzymes between tested accessions were observed also dadnglichation phase
(Figure 361). In general, the highest level MDHAR mRNA for all accessions was
detected in DeAl plants, while f@R eitherin DeAl (N13, WS, CoD and Var0) or
DeA2 (N14, Ms0, Kas1, C24, CarD, and SaiD) plants. Nevertheless, in the course of
this phase the levels of both transcripts decreased to similawer levels as in NA
plants.
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Figure 3-61. Transcript levels ofMDHAR, DHAR and GR in ten
accessions ofA. thaliana upon longterm cold stress treatment. Tt
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