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Abstract

Arabidopsis thaliana UV-Resistance Locus 8 (UVR8) is a UV-B-specifiotain that
regulates genes concerned with protection agaltiaviolet-B (UV-B) radiation. Some
of these genes encode chloroplast proteins indutie RNA polymerase sigma factor,
sigma 5 §G5) and one of the Early Light Induced ProteinsAirabidopsis thaliana
(ELIP1). According to this discovery, UVR8 had been praubso be involved in
regulating chloroplast related genes that encods#oBiistem Il Reaction Center core
proteins, the D1 and D2 proteins. This hypothesis examined in this study. Several
physiological approaches and measurements of niptsand protein were done using
uvr8-1, sigh.1, sigh-2 andelipl/2 mutants. This study showed that the8-1 mutant is
very sensitive to UV-B compared to wild type andhest mutants andvr8-1 had a
reduction of its photosynthetic efficiency (measuss Fv/Fm values). Assessments of
S G5 andELIP1 transcripts and measurements of photosyntheiicasity showed that
these geneare not essential in UV-B protection. Further, s@ipt measurements of
psbA andpsbD-BLRP, which encode the D1 and D2 protein respebtjvshowed that
UVRS is involved in accumulation qisbD-BLRP transcripts but little affectepsbA
transcripts. Moreover, UV-B caused reduction of Prbtein consistent with the
reduction of the Fv/Fm values when wild type and3-1 plants were exposed to UV-
B, but the role of UVR8 in this mechanism needb&danvestigated further. However,

the effect of UV-B on D2 protein still remains ueat.
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Chapter 1. Introduction

1.1. Introduction

1.1.1. General knowledge of Photosynthesis and UV-B radiation

Plants require sunlight for photosynthesis - a gsscthat converts solar energy
into chemical energy - in order to sustain lifeefiédis no doubt that photosynthesis is a
very important process. Photosynthetic organisnth sas plants generate, @r the
environment and sugar to provide energy for itsalfl others. Photosynthesis takes
place in subcellular organelles called chloropldBigure 1.1.). The chloroplast has
inner, outer and thylakoid membranes. Among théseet membranes, the thylakoid
membrane is the most important in photosynthedig. fhotosynthetic machines such
as light harvesting-proteins and reaction centres attached to the thylakoid

membrane.

Figurel.l. A chloroplast
(Source:http://student.ccbhcmd.edu/courses/biol41/lecqguideustBict/u4fg41.html)



Green plants capture light using sensitizers. Tak known sensitizer which is
involved in photosynthesis i8hlorophyll (Chl). Chls are tetrapyrrole molecules that
strongly absorb bands in the visible region of spme. Chlorophylls and others
pigments attach to proteins to build a photochemisgstem machine called
Photosystem. In higher plant, there are two phetesys, i.e. Photosystem Il (PSII) and
Photosystem | (PS 1). The initial process of phgtdisesis takes place in PSII. In PSII,
energy from these photons is used to oxidize watadient across the membrane to
generate oxygen. As a photochemical machine, ipassible for PSIl or other
photosynthetic apparatus to be impaired somehowurbldy, the plant has an ability to
repair damage; however under extreme stress thaiiment of its components is
unavoidable.

One of the possible causes of photodamage of pjrteetic apparatus is UV
radiation. Since UV radiation is a constituenttod solar spectrum, it is impossible for
plants to avoid UV light exposure. There are thgees of UV radiation, i.e. UV-A
(320-400 nm), UV-B (280-320 nm) and UV-C (less t280 nm)(Figure 1.2).

Figure1.2.



Among these types, UV-A and UV-B have the most dgalal importance
because the stratospheric ozone layer very effdgtigbsorbs UV radiation that has
wavelengths below 290 nm (Ulm and Nagy, 2005). @mount of UV-B reaching the
earth surface varies and is influenced by manyofactuch as cloud, latitude, altitude,
season, solar angle, aerosol and Ozong [&er (reviewed by Alleret al., 1998;
Hollésy, 2002). For decades, the effects of UV-Biation have attracted many groups
of researchers. Perhaps it relates to the enviroheteanging in the past few decades
(Hollésy, 2002). The amount of UV-B radiation inased recently as a result of
mankind activities such as the usage of chlororfitmarbon (CFC). Ozone depletion as
a consequence of CFC reaction may increase therambWV-B reaching the earth’s
surface. The most suspected targets for this emviemtal change are plants since they
cannot move or hide themselves from external thteatther point of view, plants are
very important for human life. Thus, any environmémreats to plants may impact
either directly or non-directly to human life.

Plant perceive light-signalling by photoreceptoiBhytochrome (Phy) is
photoreceptor for Red/Far-Red (R/FR) light, whilstyptochrome (Cry) and
phototropins strongly absorb blue/UV-A light. Inntmast to other light-signalling
regulation, UV-B photoreceptors are still unknowihhe complexity of UV-B
signalling, variation of responses and the unkn@lvatoreceptor is thus interesting to
be investigated.

UV-B acts both as a non-damaging and damaging aget-Mackerness
(2000) recorded UV-B induced changes in plant ghoavid development. UV-B causes
changes in pigment composition, loss of photosyitttaetivity, alteration in the timing
of flowering, and inhibits reproduction (A-H-Mackess, 2000). UIm and Nagy (2005)
provided evidence that at molecular level the ghoarid photomorphogenic response to
UV-B is distinct at short (280-300 nm) and long wkangth (300-320 nm). In parallel
to this report, different fluence rate of UV-B altas been reported to stimulate
different responses as stated by Braval (2005). These responses to different fluence

rates are mediated by distinct regulation. At pnesigtle is known of UV-B signalling



regulation in higher plants and so much researobd®i¢o be done in order to
understand the complexity of UV-B signalling.

As mentioned before, UV-B stimulates different @sges as a damaging and
non-damaging agent. Experiments in higher plantealed the responses to UV-B
depend on fluence rates as noted in Braval (2005). At low fluence rates, UV-B
stimulates some genes that are involved in a wadge of processes in UV protection
(Brown et al., 2005), including genes that are responsible #rdhoids and phenolics
production. Flavonoids accumulated in the epidenpnaside a shield to protect plant
from UV-B radiation (Reviewed by Teramura and Salfi, 1994), as its component
strongly absorbs UV-B (Hollésy, 2002). In higheam accumulation of flavonoid is
distinct in two main taxonomic groups. In most dyedon plants flavonoid
accumulated in epidermis, whilst in monocotyleddants flavonoid is distributed in
epidermis and mesophyll (Hollésy, 2002).

How plants protect themselves from UV-B by prodgcflavonoids and other
secondary metabolites is well documented. Li anevorkers (1993) usedrabidopsis
mutants theéransparent testa -4, 5 and6 mutants it4, ttt5 andtt6), which have reduced
flavonoid and phenolic compounds. As noted in threport, thett4 mutant is the
chalcone synthase mutant am8l is chalcone isomerase mutant €tial., 1993). The
experiments showed these mutants were more senghan wild type to UV-B.
Another mutant identified by Lois and Buchanan @9%heuvs mutant, also showed
the alteration in flavonoid compounds caused seitgitto UV-B. The Arabidopsis
ferulic acid hydroxylase mutanfiahl) suffers more growth—inhibition and UV-B-injury
than wild type (Landngt al., 1995).Study inBrassica napus revealed the enhancement
of flavonoid content when leaves were exposed teBJ{Olssonet al., 1998). This
study implied that flavonoids are involved in UVgBotection responses. Using thé,
tt5 and fah mutants, Booij-James and co-workers (2000) foumak @lteration in
phenolic compounds affect PSIlI heterodimer Anabidopsis under mixture of
photosynthetically active radiation (PAR) and UV#cent study showed UV-B failed
to induce chalcone synthageHS) and other UV protection genesAnabidopsis uvr8
mutant causing hypersensitivity to UV-B (Brownal., 2005). CHS is a key enzyme in



flavonoid biosynthesis. Expression ©@HS is light dependent and regulated by distinct
UV-B, UV-A and blue light transduction pathways {ffevandet al., 1996). Related to
defense mechanism in plants, UV-B stimulates esmwasof some pathogenesis related
proteins such as PR-1,-2 and -5 (A-H-Mackernes3QR0

Low fluence rates of UV-B also have been reportea rhediate
photomorphogenic responses. In 1998, Kim and cdever provided evidence that
phyA and phyB are required to UV-B-induce photonmagenesis inArabidopsis
thaliana. Moreover, the authors also provide evidencettiiatresponse is not mediated
by DNA damage signalling (Kinet al., 1998). Further, Boccalandro and co-workers
(2001) observed cotyledon opening in Arabidopsis weediated by phytochrome but
the enhancement of this phenomenon under UV-B tiadiawas regulated by
unidentified UV-B photoreceptor. On the other haBdrtram and Lercari (2000) found
evidence that UV-B-induced photomorphogenic respatid not require phytochrome
B in tomato plantsSolanum lycopersicum). The authors suggested distinct mechanism
and photoreceptors involved in UV-B mediated phaigrhogenic responses.
Stratmann (2003) noted that photomorphogenic resgsoto low fluence rate of UV-B
were not regulated by phytochrome, cryptochrome @ratotropin photoreceptor. This
implied that unknown UV-B photoreceptor may be iwea in photomorphogenic
regulation in UV-B signalling pathways.

At high fluence rates UV-B acts as a damaging agkncauses damage to
biomolecules. In extremes, UV-B can cause cell ossr At high fluence rates UV-B
generates ROS (Reactive Oxygen Species), which ceause cell death. Several
experiments showed that ROS can cause oxidatidipidf and protein and damage
DNA (Kliebenstein et al., 2002). UV-B radiation caused enhancement in lipid
peroxidation (Hollésy, 2002). In order to lessee impact of ROS, plant produces
antioxidants such as ascorbic acid (Kliebensatiml., 2002). Study inArabidopsis
thaliana showed that ROS was generated by multiple sountésrlJV-B exposure (A-
H-Mackernesset al., 2001). However, ROS-mediated UV-B activities am only
detected in higher plants. ROS activity also wagaed in cyanobacteriuAnabaena
sp, which were illuminated by UV-B (He and Hadd€i02a; 2002b).



As mentioned above, UV-B causes changes in pigmentposition (A-H-
Mackerness, 2000). In agreement with this statemeéaliosy (2002) in his review
paper reported that UV-B causes reductiorChhb content. In contrast to this report,
Rao and co-workers (1995) reported that UV-B insegiatotal amount of chlorophyll
and carotenoid in both Arabidopsis wild type (Legrgferecta) plant andt5 mutant.

Investigation of the effect of UV-B on photosyniikheactivity in algaeDictyota
dichotoma was reported by Ghetti and co-workers (1999). Otheperiments in
Dictyota dichotoma showed UV-B involved both in repair mechanism &mthover of
photosynthesis (Flores-Moyat al., 1999). Rajagopal and co-workers (2000) observed
UV-B radiation (1.9 mW i) on intact cell of cyanobacteriurBpirulina plantesis
caused reduction in photosystem Il activity. Sumligontaining UV-B has been
reported to cause reduction in photosystem Il dgtim phytoplankton (Marwooét al.,
2000).

In higher plants, UV-B causes turnover of the Dbt@n of PSIl Reaction
Centre and reduction of mRNA transcripts of Ribelds5-biphosphate carboxylase
oxygenase (Rubisco) (Teramura and Sullivan, 19941995, Wilson and co-workers
presented that UV-B-induced photomodification obRgo Large subunits dBrassica
napus, tomato [ycopersicon esculentum), pea Pisum sativum L.) and tobacco
(Nicotiana tabacum). The 66-kD protein was detected in plants expdeddb umol m
s PAR plus UV-A (1.7umol m?s?) and supplementary UV-B (18mol mi’s™) for 4
hours (Wilsoret al., 1995). This protein was considered as a photdfination product
of Rubisco Large subunits (Wilscet al., 1995). Allenet al (1998) in their critical
review presented that UV-B declined the activityaobe sub-unit of Rubisco in mature
leaf of oilseed rape. This reduction was due tceduction in amount of Rubisco
presented in the leaf. The authors also quoted sesearches that reported effect of
UV-B radiation on reduction of Rubisco activity aodntent in higher plants (Alleet
al., 1998). In agreement with previous reports Hgll{®002) presented reduction of
UV-B-induce Rubisco activity. However, a studyAnabidopsis thaliana showed that
UV-B did not affect the amount of Rubisco protenttbin wild type (Lansbergrecta)
andtt5 mutant exposed to 15 kJ4tay* of UV-B for 5 days (Raet al., 1995). Further,



UV-B decreased Rubisco protein itb mutant only when plants were exposed in
prolongation time of exposure to 7 days (Raal., 1995). Moreover, UV-B declined
initial and total activities of Rubisco only ttb plants (Racet al., 1995). However, the
decrease in the activity of Rubisco was not accangabby a decrease in the amount of
protein (Rao et al., 1995). A-H Mackerness and ookers (1997) investigated the
effects of supplementary UV-B on mRNA transcriptsl @hloroplast protein i.e. Lhcb,
D1 and RUBISCO irPisum sativum L. Plants were grown in 150mol m’s* of PAR
then exposed to PAR with supplementary UV-B (esémitbse was 182 mW i The
results showed that UV-B did not affectpsbA transcripts during 4 days treatment. In
contrast, the level of D1 protein declined aftedeé®/s (A-H Mackerneset al., 1997).
Furthermore, therbcL mRNA level was not affected for the first two dagé
experiment, despite the reduction in Large Subl{rffU) of the protein in two days
experiment (A-H Mackerness al., 1997).

The effects of UV-B on PSIl are well documentednasntioned briefly. In
contrast, UV-B has less impact on the PSI relatové®SIl. Thus, many researchers
concluded PSII is the main possible target in Uddtruction effect (Hollosy, 2002).
Allen et al (1998) in their critical review presented evidentat UV-B causes

reduction in stomatal conductan€g) (eading to stomatal closure.

1.1.2. Photosystem |1 Reaction Centre (PSI1 RC)

As mentioned previously, the heart of photosysihhean be addressed to PSII-
RC since the initial energy conversion takes piaceSll reaction centre. Oxidation of
H,O to O takes place in PSII-RC. The complexity of PSllithbin structure and
function had been observed in photosynthetic bacteyanobacteria and higher plants
(Seibert, 1993). There were speculations about BP&tiplex structure and function.
Perhaps significant contribution was provided bynb& and Satoh (1987) when they
successfully isolated PSII-RC. This invention ediated location of D1 and D2 proteins
in PSII-RC. It revealed that the isolated PSIl-Ridtain D1, D2 and Cylsse proteins



(Seibert, 1993), moreover, heterodimer D1 and Df2gams are the primary separation
sites in PSII (Nanba and Satoh, 1987; Seibert, 1993 To date, the structure of
PSIl in higher plants has been established. Ibmpnsed of two major polypeptides,
the D1 psbA product) and D2psbD product) proteins, tha- (psbE product) and3-
(psbF product) sub-units of Cytochrom®se and the Psbl protein (Seibei993) as

illustrated in Figure 1.3.

Figure 1.3.

The D1 and D2 heterodimer are encoded by plgsih and psbD genes,
respectively. The study in amino acid sequenceigeavinformation that the D1 and
D2 sub-units are homologous with L and M sub-upnitd?SIl of purple bacteria and
might possibly have similar function with L and Mbsunits (Nanba and Satoh, 1987).
Although there are some similarities between P$tdton Centre and purple bacterial
reaction centre, they differ in structure and asti\(Telfer and Barber, 1994). As
mentioned above, the success in PSII-RC isolatipgnNlanba and Satoh (1987)
contributed to insight knowledge in PSII-RC and tedadvance many researches in
photosynthetic mechanisms, including studies inl-R&l-related proteins, i.e. D1 and

D2 protein. To date, the function of D1 and D2 phe$ in PSII Reaction Centre was



elucidated. Jansen and co-workers (1996a) noted pixtein provides binding
environment for several chemical herbicides.

Since PSII is the site of energy separation, pisagatus is easy to damage. As
mentioned briefly, plants have an ability to reglamage. This means that the damaged
component can be replaced by a new one to achibataace. In extreme cases, if the
rate of photodamage is higher than the ability &llPto recover, it will cause
photoinhibition. The term photoinhibition, as deled by Kok in 1956 (Osmond,
1994), is a light-dependent reduction in photosgtithefficiency. This term apparently
is a simple way to describe the complexity of thecpss of photodamage of
photosynthetic apparatus. When photoinhibition escdramatically, photosynthesis

will end and plants will no longer survive.

1.1.2.1. Photodamage of PSII : D1 and D2 protein degradation

Since the inhibition of electron transport canibigiated at different sides in
PSIl, photoinhibition was divided into two meclksans i.e. donor and acceptor side
mechanism (Telfer and Barber, 1994). The donor siéehanism occurred when the
acceptor side could not maintain electron donatiom water, thus extending the life
time of excited donor molecule (P6$0The acceptor side mechanism occurred at the
level of quinones and reduction of plastoquinonelpdhe idea of donor and acceptor
side mechanisms was proposed by Barber and Andensb®92 (Telfer and Barber,
1994). The primary electron donor is chlorophyll lesnle (P680). The electron
acceptor is pheophytin and two types of Quinongs, @ (bounds to D2) and £
(bounds to D1)Styring and Jegerschold, 1994). These donor andpéar molecules
are bound to D1 and D2 proteins. 7and Typ, the Tyrl61 of D1 and D2 respectively,
are the immediate and accessory electron donor®680 (Styring and Jegerschold,
1994).

The mechanism of electron transfer in PSII React@entre is described as

follows. Light excites the P680 molecule which s#ars its electron to pheophytin. The



pheophytin molecules transfer the electron to ih& ficceptor quinone ( which
continues it to secondary quinone acceptas)(@hen @ leaves its site in D1 protein
and exchange with an oxidized quinone molecule fptastoquinone pool (Styring and
Jegerschold, 1994pee Figure 1.3).

Barbato and co-workers (1995) observed the degoadef D1 proteinin vivo
andin vitro of PSII in Spinach Spinacia oLeracea L.) under UV-B radiation. They
found 20 kDa of protein fragment which correspontied degradation product of D1
protein. This study also provided evidence thataegtion of D1 under UV-B depends
on the presence of manganese. The manganese &ingten to be bound to D1 and D2
proteins is in donor side of PSII reaction cenffbe authors suggested that D1
degradation under UV-B depends on manganese otother side of PSIl. Shipton and
Barber (1991) provided evidence that degradatioDbfand D2in vitro study of peas
was caused by an autoproteolytic process and @zturroxidizing side of photosystem
II. In 1999, Babu and co-workers revealed a mixtafePAR and UV-B radiation
rapidly degrade D1 and D2 proteins and this phemaméas dependent on the redox
(reduction-oxidation) status of PSII.

Inactivation of PSIlI Reaction Centre or in extreptetoinhibition also can be
enhanced by low temperature (Krause, 1994). Inrbisew paper, Krause (1994)
provided evidences that photoinhibition has beeseptedin vitro under chilling
temperature. Moreover, he proposed several faatass contribute in the enhancement
of photoinhibition in low temperature. First, loveniperature can decrease carbon
metabolism. As a consequence, reduction of primacgeptor electron () is
increased. Second, D1 synthesis is inhibited intlenvperature. Third, low temperature
inhibited formation of zeaxanthin (Krause, 1994).

An enzymatic process which involves some prote&sessbeen speculated to
cause D1 degradation. A recent study carried ouHbgsgen and colleagues (2006)
showed D1 protein degraded in Arabidopsis mutackitey the Deg2 protease had
similar rate with wild type when plants were subgecto 150Qimol m’s* fluorescent
light source. This result differed from vitro experiments. The authors proposed that

D1 degradatiomn vivo is controlled by several mechanisms. Another ps¢eoroposed
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to be involved in D1 degradation is FtsH protedsiedn et al., 2005; Yuet al., 2005).
FtsH is an ATP-dependent metalloprotease. This maazys found in bacteria,
mitochondria, and plastid (Yet al., 2005). At present, 12 FtsH proteins have been
identified in Arabidopsis thaliana. Three of them are found in mitochondrion and the
rest in chloroplast (Yet al., 2005).

Other studies in relation to D1/D2 degradationhwiarly Light-Inducible
Proteins (ELIPs) were quoted by Adamska and Klagagstin their review (1994). They
concluded that degradation of D1 protein or photeaige to PSII is related to
accumulation of ELIPs under various stress conditigAdamska and Kloppstech,
1994).

Studies in D1 and D2 degradation under severat lress experiments also
have been reported by numerous groups of researcbdr degraded rapidly in an
extreme level of photosynthetically active radiatiPAR, 400-700 nm). In 1996,
Jansen and co-workers provided evidence that D@&Hdss D1 protein was degraded in
Soirodella oligorizha under UV-B radiation (Jansest al., 1996a). The same group of
researchers also proposed degradation of D1 angr@®&in under UV-B radiation was
coupled, which D2 degradation was influenced by(Idnseret al., 1996b). Barbato
and co-workers (2000) found UV-B radiation promotag@id turnover of D1 and D2
protein in detached barley leaves and affectedstiueture and functional organization
of PSIl. Olsson and co-workers (2000) demonstrddddprotein inBrassica napus
(oilseed rape) turnover rapidly after irradiatioithnvhigh intensities of PAR alone or
added with UV-B. Other approaches to obtain insighbwledge in D1 and D2
degradation mechanism were carried out by Booigjamand co-workers (2000). Their
studies of Arabidopsis mutants deficient in phenpietabolism showed that either UV-
B alone or mix with PAR cause rapid degradatiod@fand D2 proteins (Booij-james
et al., 2000). Taken together, these findings showed thatD1 and D2 proteins
degradation could be mediated by different wavdlengf spectrum. In UV-B
particularly, degradation is regulated by distimgtotoreceptor from other light-

signalling photoreceptor.
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In vitro experiments carried out by Frisbal (1994) showed degradation of D2
protein after illumination with UV-B. In their expenents, isolated PSII reaction centre
from pea was subjected to UV-B at wavelength 312 Tine result detected fragments
of D2 degradation products only when the isolat&l Rdded with external quinone.
The authors conclude damage in D2 after UV-B illoation was dependent on binding
guinones.

Despite numerous studies of D1 and D2 degradatinder light stress
experiments the mechanism of these processesllisirstiear, particularly in UV-B
radiation. In attempt to gain insight into UV-B sdajling pathways, a recent study
carried out by Browret al (2005) characterized Arabidopsis UV Resistanceido8
(UVRS) that is specific to UV-B. Thavr8 mutants failed to induce expression of genes
concerned with UV protection. Some of these nuclganes encode chloroplast
proteins. The authors speculated that UVR8 mighdy pan important role in
photosynthesis activity. To date there is no ewidefor a correlation between UVR8
and D1/D2 regulation. To gain insight into this gbdity, several approaches were

done in this study. All the basic theory relatedhis will be explained in next sections.

1.1.22. An approach to investigate photosynthetic activity: Chlorophyll

fluor escence

As stated above, plants depend on light to dinee ghotochemical reaction in
PSII-RC. Light is perceived abundantly by chlorolhyHowever, not all the energy is
used for photosynthesis. To maintain energy efiicye excess energy can be dissipated
as heat or re-emitted as light/chlorophyll fluoessme. The increase in one process will
reduce the other two (Maxwell and Johnson, 2000).eixample, if most of the amount
of photon energy is used for photochemical readfpdrotosynthesis activity) the yield
in heat dissipation and chlorophyll fluoresceneeraduced.

The chlorophyll fluorescence has been used as aiglbgical parameter to

observe photochemical efficiency of PSII. In thedst of chlorophyll fluorescence,

12



some consensus terms are offered. When plant osamyples are shifted from dark to
light, the open state of reaction happened. Thetgohas absorbed by chlorophyll
(P680) which becomes excited (P&BOFollowing this process, the electron is
transferred from P680to primary acceptor molecule (Rin D2 protein. The Q is
oxidized. In this case, the level of chlorophylidtescence is low. This condition is
known as b All the energy is trapped and used in photocheyiseaction
(Blankenships, 2002). Electron froma@hen is transferred through processes g0 Q
During this processes, the PSII Reaction Centreldsed. The fluorescence rises to
maximum (F,) and goes through until steady state is reach&hkBnship, 2002). The
possible fluorescence is calculated as a resu{fEgf Fy), called F. Then maximum

guantum yield of PSIl is calculated as a relatiné af K/ Fn,.

1.1.3. SIG5 and ELIPsrespond to light-stress environment

In regard to damaging effects of UV-B, this sectwill describe genes related
to light-stress responses i®G5 andELIPL/ELIP2. These genes are nuclear genes that
encode chloroplast proteins. This section will déscany possible correlation between
these genes and the photosynthetic-related prot@ihand D2 protein of PSIl Reaction
Centre.

1.1.3.1. SIG5
Transcription in higher plant plastids is directéy two distinct RNA

polymerases, i.e. nuclear-encoded RNA polymeragePjNand plastid-encoded RNA
polymerase (PEP) (Fujiwaret al., 2000; Nagashimaet al., 2004). NEP is a T7
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bacteriophage-type RNA polymerase, involved ingcaiption of housekeeping genes.
PEP is a eubacteria-type RNA polymerase, respansibt the transcription of
photosynthesis genes in the chloroplast. PEP isposed of the plastid-encoded core
sub-units, &, (3, B', B" (encoded bypoA, rpoB, rpoC1 andrpoC2) and one of nuclear-
encoded sigmaaj factors (Nagashimat al., 2004). The sigma sub-units mediate
promoter recognition (Yaet al., 2003). A phylogenetic analysis forfactors identified
so far in plants shows that plamfactors are members of bactergf family and these
factors are encoded in nuclear genome, expressadasol and transported into plastid
(Reviewed by Toyoshimat al., 2005). Fujiwaraet al (2000) noted PEP transcribes
most photosynthesis genes. Phylogenetic analysidedi o factors into four distinct
clusters (Toyoshimat al., 2005). Cluster | is composed of Sigl and Sigzugs. The
Sig2 and Sig3 are members of cluster Il. Clusteislh group of Sig6 and cluster IV is
a group of Sig5 (Toyoshimet al., 2005).

Arabidopsis thaliana has sixo factors, SIG1-SIG6 encoded by nucl&hGl-
S G6 genesrespectively The last three gene&8G4-3G6 (designed asigD, sigE and
sigF in original study) were identified by Fujiwara amd-workers (2000). Among
these sixo factors, SIGSs unique. As mentioned above, this sigma fact@sdoot
share a cluster with other SIG factors in phylogientee (Fujiwara 2000; Toyoshima
2005). The initial studies in SIG5 were conductedeilation to light perception. Recent
studies carried out by Nagashima and co-worker84p6howed SIGS5 is also induced
by low temperature, high salt and high osmotic stré&g authors conclude that this
sigma factor is induced by multiple stress condgigNagashimaet al., 2004).
Experiments conducted under white, blue and rdd Bowed thaB G5 is induced by
blue light, not by red light (Tsunoyanehal., 2002). In their experiments, all tI®G
transcripts were accumulated in rosette leaves @fedks-oldArabidopsis thaliana
under growth conditions of 10-2@mol m?s* white light. Increasing light intensity to
100 pmol m?s! enhanced accumulation @G5 transcripts.SIG5 transcripts also
accumulated under blue-light but never in red-lightoreover, this group showed

evidence of a correlation betwe8ItG5 andpsbD-BLRP transcripts accumulation under
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blue-light illumination. HoweverS G5 andpsbD-BLRP differ in intensity requirement
(Tsunoyameet al., 2002). Other experiments carried by Oetlal showedS G2, SG3,
S G4 and SG6 transcripts increased slowly and were lower tBHRS in blue-light
illumination (Ondaet al., 2008). Moreover, this group of researchers pi®wvidence
that SG5 transcript was not expressed strongly in red-lightmination compared to
SG1. Experiment in blue-light showe8 G5-induction in Arabidopsis thaliana is
mediated by cryptochrome rather than phototropimd@2t al., 2008).

As stated above, Tsunoyama and co-workers (2082@aied that there is
correlation betweedG5 and psbD-BLRP. The evidence of the activation pgbD-
BLRP also was provided by Nagashimaal (2004), who reported thausbD-BLRP
tanscripts were lost in a mutant deficient9i65. These findings showed th&tG5 is
required to activat@sbD-BLRP. ThepsbD-BLRP is one of thgpsbD promoters that
regulates D2 protein accumulation in PSII React@entre. InterestinglySIG5 also
recognizedsbA gene that encodes D1 protein of PSIl RC.

There are four conserved regions in eubacteriafamily. Among those four
regions, region 2 and 4 are highly conserved (Tioyoa et al., 2005). Region 2 is
divided into five subdomains, 2.1 to 2.5 whilsticeg4 is divided into subdomain 4.1
and 4.2. Onda and co-workers (2008) provided enmidehat Asn484 in the conserved
region 4.2 inArabidopsis thaliana was required to activatpsbD-BLRP, whilst
Arginine 493 is involved ipsbA recognition. Although there is evidence of cortiela
betweend G5, psbA andpsbD-BLRP, to date no report has been done to investite
role of SIG5 in transcript level gisbA andpsbD-BLRP and protein level of D1 and D2
under UV-B illumination.

In order to investigate SIG5, several mutants ehdeen employed by
researchers. Theg5-1 (ecotype WS) andig5-2 (ecotype Columbia) mutants are the
first isolated AtSig5 mutants (Yaa al., 2003) as shown in Figure 1.4 (A). THg5-1
mutant has a T-DNA insertion at exon 5 which wogksherate SIG5 lacking conserved
regions 4 and 3. Theg5-2 (ecotype Columbia) mutant has a T-DNA insertioexin
2 that would generate SIG5 missing all conservegbrs needed to activate bacteria
sigma factors (Yacet al., 2003) (Figure 1.4 (A)). The authors reported that the
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disruption in SIG5 caused embryonic lethally. Thelufe to recover homozygous
mutants after SIG5 disruption led the authors tecsfate thatSG5 acts in plant
reproduction (Yacet al., 2003; Nagashimat al., 2004; Tsunoyamat al., 2004). In
contrast to Yaat al (2003), Nagashima and co-workers succeeded iatisglthesigs-

2 homozygous mutar(Figure 1.4 (B)). The authors confronted Yao and co-workers’
work and stated that Yao's result may come from namkn elements during
experiments.

Thesig5.1 mutant (ecotype Columbia) is a knock out Arabide@G5 mutant
with a T-DNA insertion in the last exon @G5 (Tsunoyamaet al., 2004). The
phenotype ofsigs.1 mutant is identical to wild type under normal gtbveondition.
Nucleotide sequencing revealed that insertion oDNA is located 1,931 bp
downstream from initiation site. This mutant failéal show psbD-BLRP induction.
Further, RNA analysis provided evidence tpaiiA andrbcL transcripts were decreased
slightly. The authors concluded that SIG5 is spealify required to activatgsbD-
BLRP. Tsunoyama and co-workers also provide evidethat expression o8G5

correlated with development stage of chloroplast.
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Figure 1.4.
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As mentioned above, the initial studies of SIG5aveonducted in relation to
blue-light-mediated responses. In addition to thesdies, Nagashima and co-workers
(2004) provide evidence that SIG5 is also inducgdniltiple stress condition such as
salt, osmolality and low temperature. No report hasn made that SIG5 also induced
by UV-B until Brown et al (2005) showed evidence th&G5 transcripts were
expressed after UV-B radiation. Moreover, Brownal (2005) demonstrated that
expression o8G5 transcripts was detected weaklyum8 mutant compared to wild
type. This finding suggested th&iG5 is regulated under UVR8 pathways, which acts
specifically in low fluence rate of UV-B.

To gain insight knowledge in UV-B perception andniduction, correlation
between multiple-stress responsive SIG5 with UVR& wxamined in this study. The

uvr8-1, sig5.1 andsig5-2 mutants were used. All data will be presentechiapter 3.

1.1.3.2. Early Light-Inducible Proteins (EL 1 Ps)

The Early Light-Inducible Proteins (ELIPS), as d#sed by Heddacdet al
(2006), are nuclear-encoded proteins that accumiutathylakoid membranes and are
related to light-harvesting chlorophy#/b-binding proteins (LHC Cab). The ELIPs
initially are synthesized as pre-protein in the opyasm, translocated into the
chloroplast and inserted in thylakoid membranesafAska and Kloppstech, 1994;
Casazzet al., 2005; Rossingt al., 2006). ELIPs have three transmembrane domains
and their central helices have similar sequenceHG@ Cab proteins (Grimnet al.,
1989; Adamska and Kloppstech, 1994; Hudiral., 2003; Casazzet al., 2005). Both
ELIPs and LHCs bind chlorophyll and carotenoid. ieveough ELIPs and LHCs have
similar sequence and bind to pigments in photostiglsystem, they differ in protein
structure (Adamska and Kloppstech, 1994). Huti &o-workers (2003) noted
differences between ELIPs and LHCs is in the exgioesunder high light condition.
ELIP is expressed transiently under high light, wHildC is not.
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Initial studies of ELIPs were carried out in p&asgm sativum L.) and barley
plants. Studies in etiolated pea and barley plaewgaled transcription of ELIPs is
regulated by phytochrome (Adamska and Kloppste8B4)L In mature pea and barley
plants transcription and accumulation of ELIPs @iroire regulated by the well known
photoreceptor, cryptochrome which is activated reglp by blue and UV-A light
(Adamska and Kloppstech, 1994). Further, studyeia gevealed that both transcript and
translation of ELIPs were not detectable in lea@®sosed to red/far-red (Adamskia
al., 1992a) and UV-B (Adamsket al., 1992b). Moreover, Adamska and co-workers
(Adamskaet al., 1992b) provided information that transcriptionEifIP under UV-B
was only detected in the presence of white light-RJalone failed to induce ELIP. The
authors also revealed addition of herbicide thatlked carotenoid synthesis enhanced
ELIP accumulation but did not affe&LIP transcription (Adamskat al., 1992b).
According to these findings Adamska and Kloppstét®94) noted UV-B does not
induce ELIP transcription but prevents its degraatThe authors conclude that UV-B
acts at more than one point of regulation of ELABgmska and Kloppstech, 1994).

ELIPs are distributed in various plants e.g. fealey, wheat, tomato, tobacco
and beans (Adamska and Kloppstech, 1994). Studie&l®-like proteins showed that
these proteins also have been found in algae ams f@\damska and Kloppstech,
1994). Cheret al (2008) recently succeed in cloning a putative @retbiosynthesis
related ¢br) gene from algadunaliella salina. CBR is homologous to ELIP-like
protein in higher plants. |Arabidopsis thaliana there are two types of ELIP genes i.e.
ELIP1 and ELIP2, which encode two ELIP proteins ELIP1 and ELIPZ2pezgively
(Casazzat al., 2005).

Localization studies of ELIPs in thylakoid membeanof pea showed ELIPs
were localized in stroma thylakoids and the intetiate fraction (Adamska and
Kloppstech, 1994). Heddad and co-workers (2006jvsloboth ELIP1 and ELIP2 in
Arabidopsis thaliana were found in isolated mLhcb and tLhcb but in eliént LHCII
sub population.

ELIPs are only detectable when mature plants aposed to a number of

environmental conditions (high light, UV radiatiorcold, salt stress, nutrient
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deprivation, senescence) that inhibit photosynthettivity (Casazzaet al., 2005).
ELIPs are accumulated transiently when plants gap@sed to high light condition. As
mentioned briefly in the previous section therevi&ence that ELIPs interact with D1
protein in higher plants. Adamska and Kloppsted®{) reported D1 protein is one of
ELIP crosslinking products. Study #rabidopsis thaliana showed that the amount of
ELIP1 accumulated linearly with increasing lighteinsities and photoinhibition (Fv/Fm
measurements) whilst ELIP2 started to accumulatesimaly when photoinhibition
reached 40% level (Hedda&tlal., 2006). The authors concluded that under high dight
stress condition, ELIP1 and ELIP2 protein Anabidopsis respond differentially and
these responses are regulated at the transcriglt l\oreover, the responses are also
related to photodamage of PSII (Hedesél., 2006).

The physiological function of ELIPs is still notear yet. Since ELIPs were
found induced and stable under light stress camditi ELIPS were proposed as
photoprotective proteins (Adamska and KloppstecB94). Numerous studies in
Arabidopsis (Hutin et al., 2003), pea, barley, and tomato (Reviewed by Adanssid
Kloppstech, 1994) revealed that ELIPs may funciiorphotoprotection against light
stress. Particularly idrabidopsis thaliana, Hutin et al (2003) provided evidence that
ELIP acts as a photoprotective protein. They subegen generating an Arabidopsis
mutant callecthaos. This mutant was lacking cpSRP43, a sub-unit efdhSRP (signal
recognition particle) complex (Hutiet al., 2003). Even though thehaos mutation was
specific to LHCs, this group of researchers usad thutant in ELIPs study. They
referred to previous study that cpSRP pathway veasl to insert ELIPs into thylakoid
membranes (Hutiet al., 2003).

In contrast to previous researchers and Heitial (2003) particularly, Rossini
and co-workers (2006) observed that light inductioh ELIP1 and ELIP2 in
Arabidopsis did not affect either photoinhibition or photooatt/e stress. This finding
led to novel possibilities that ELIPs may not seagea photoprotective protein. The
authors suggested that further research was néededess their hypothesis.

Bruno and Wetzel (2004) reported th#tlP mRNA accumulates during the

earliest transition process from chloroplast taamoplast in tomato fruitL.fycopersicon
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esculentum Mill. cv. Rutgers). The authors concluded ELIP mphay a role in
chloroplast-to-chromoplast transition process. Brand Wetzel (2004) also noted there
were some reports about the role of ELIP in drotsgiess tolerance.

As mentioned previously, Adamska and co-worke@92b) provided evidence
that UV-B did not induce ELIPs in pea plants. Séisdin Arabidopsis thaliana, so far,
were conducted under high white light condition® date, no reports have been
proposed in regard to UV-B radiation of ELIPs Amabidopsis thaliana. Recent
experiment carried out by Brown and co-workers 8Ghowed that transcript level of
ELIP1 was detected in wild type plants Afabidopsis thaliana subjected to UV-B.
Interestingly,ELIP1 was not expressed in Arabidopsis mutant that faiimsduceCHS
gene and other UV protection genes. The mutankectalr8, is deficient in UVR8
protein. The finding indicates th&tIP1 is regulated under UVR8 pathways. Profound
experiment in UVR8 pathway studies proposed thataession ofELIP1 is influenced
by HY5 or HYH transcription factors (Brown and Jars 2008).

Although there was evidence that ELIPs interacthwid1l protein in PSII
Reaction Centre (Adamska and Kloppstech, 199&ddadet al., 2006) and are
involved in protection against photooxidative streggiutin et al., 2003) and other
suggested functions (Bruno and Wetzel., 2004) thsiplogical role of ELIPs is still
unclear.To date, little is known about UV-B effects on EkI Arabidopsis thaliana.
Moreover, no report has been made for investighee dorrelation between UVRS8
protein, ELIPs and their roles in photosynthetitivity under UV-B radiation.

To gain insight of the potential role of ELIPs Anabidopsis thaliana, several
mutant deficient in ELIPs were identifiethe Arabidopsi€lipl/2 mutant characterized
by Rossini and co-workers (2006) was obtained mssingelipl and elip2 single
mutants(Figure 1.5). As described by Casazza and co-workers (2008)eltpl line
consisted of two lines 691E05 and 369A04 carryinDNA insertion inELIP1 gene.
The lines 252D03 and 292H03 were carrying T-DNZAentisn inELIP2 gene (Casazza
et al., 2005).
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Figure 1.5.

Theelipl/2 double mutant had been assessed in several trglssscondition but not in
UV-B (Rossiniet al., 2006). Here we employed this mutant to assestheh the lack
of ELIPs proteins affects photosynthetic activitgder UV-B illumination. Several
approaches were conducted e.g. UV-B sensitivityaygsdranscript and A

measurements.

22



1.1.4. The genes encoding PSII RC cor e proteins. psbA and psbD

1.1.4.1. psbA

The psbA gene encodes the D1 protein in PSIl Reaction €eifinis gene is
transcribed by PEP, a member of a eubacterial-¢ygme. In higher plants, tpsbA
promoter contains conserved region -35 and -10 et¢rand a TATA motif element
(Nickelsen and Rochaix, 1994).

In cyanobacterig&loeobacter violaceus PCC 7421 there is a family of fiyesbA
genes. These five genes encode three isoformmimri@ D1 protein (Sicorat al.,
2008). WherGloeobacter violaceus PCC 7421 cells were exposed to supplemental UV-
B or high light irradiance, PSII activity was initdd. Parallel to this result, the amount
of PsbA protein (D1) was reduced to 50%. In conjrdeere was no evidence that the
amount of PsbA protein declined under high ligihddiation (Sicoreet al., 2008). In
transcripts level, the amount p$bA transcripts decreased in UV-B radiation compared
to standard growth condition, except fmbAlV. However, the response in transcripts
level varied for each member pgbA. The authors suggested that gsbA gene family
in Gloeobacter violaceus PCC 7421 responds differentially to UV-B and higght
(Sicoraet al., 2008).

The psbA gene study in pea leaves was reported by Kettandrco-workers in
1997. When a leaf was shifted to photoinhibitoghti (2000pumol mi*s?, 20°C) from
growth light condition, Fv/Fm values were reduced there was no indication of loss
of the amount of D1 protein. Related to this measwnt, the D1 synthesis
measurement showed rapid synthesis of D1 proteimglthe photoinhibitory period.
The authors concluded that during the photoinhipitperiod, D1 was synthesized
rapidly to replace the damaged ones. However,dteaf repair mechanism was lower
than inhibition and thus Fv/Fm showed a decrea$e. ilea of rapid turnover was
supported by mRNA assays. TlpebA transcripts increased in the photoinhibitory
period. Further, the authors examined thylakoidaissed psbA mMRNA. The result

showed that the increase psbA transcript was accompanied by the increase in
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translation initiation and docking gisbA mRNA ribosome to thylakoid membrane
(Kettunenet al., 1997).

In their review, Nickelsen and Rochaix (1994) wrthat transcription of the
psbA gene needs involvement of bacterial-type RNA p@sase recognized by its
sigma factors. A recent study pdbA gene regulation ikrabidopsis thaliana provided
information thatpsbA promoter is recognized by plastid sigma factorad®et al
(2008) wrote that plastid sigma factors SIG1, SIGR55 and SIG6 recognized the
psbA promoters. So far, how these plastid sigma faategsilatepsbA transcription is
not clear. Moreover, no report has been madasto transcript regulation under UV-B
radiation. Assuming that SIG5 recognizes bpthD-BLRP andpsbA promoters and
their correlation to D2 and D1 protein activity B®SIl of Arabidopsis thaliana,
transcript level ofpsbA will be assessed in this study in relation to U\&signalling

pathways.

1.1.4.2 psbD-Blue Light Responsive Promoter (psbD-BL RP)

As mentioned briefly in the previous section, 2 protein in PSIl is encoded
by thepsbD gene. Together withsbC gene that encodes CP43 in PSII Reaction Centre,
the psbD forms apsbD/psbC operon. Nickelsen and Rochaix (1994) wrote inrthe
review paper that at least three different pronsoteanscribe this operon. One of these
promoters is strongly regulated by blue light aad hn unusual and complex structure.
This unique promoter is callggsbD-Blue Light Responsive PromotepspD-BLRP).
Hoffer and Christopher (1997) reported that actbrabf psbD mRNA in Arabidopsis
thaliana was initiated from three different positions, 850, -190 and -950 bp
upstream from translational start codon. The -9p@dsition has conserved nucleotide
sequence of Blue-light responsive promoter as fanrzhrley Hordeum fulgare). This
finding agreed to previous studies that one ofp#id® promoters is strongly regulated
by blue-light. Further study in wheat revealed titwgre are four different promoters of
transcript initiation sites ghsbD (Nakahiraet al., 1998).
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Generally the plastid-encoded RNA polymerase (PEBygnizes -10 and -35
conserved elements of plastid eubactesidl-promoters. Unlike other chloroplast
promoters recognized by PEBHD-BLRP lacks a functional -35 element (Tsunoyama
et al., 2004). The well known blue light photoreceptorsirgptochromel (Cryl) and
Cryptochrome2 (Cry2), are required to co-activesbD-BLRP (Thumet al., 2001).
Further, Thum and co-workers showed there was mderge of the involvement of a
transcription factor HY5 in this process. In fatlis promoter is not only stimulated by
blue light, but also by UV-A light (Christopher ainlllet, 1994). A mixture of red and
blue light also has been reported to enhance &citivaof psbD-BLRP transcript
(Tsunoyamaet al., 2002). In addition to these studies, Mochizuki awworkers
(2004) revealed two independent light signals coateein activation opsbD BLRP.
Blue light was perceived by cryptochrome to regulaG5 which then activated the
psbD BLRP.

Recent studies carried out by Nagashima and cé&ex®r(2004) showed
evidence thapsbD-BLRP also responds to several stress conditioh aadigh salinity,
osmolality and low temperature. These responsepagdlel to the level 0B G5. Thus,
it was sensible to conclude that activation pgbD-BLRP under multiple stress
experiment requireSIG5. Studies insigb mutants showed reduction in activation of
psbD BLRP due to the loss &IG5. As reported by Tsunoyama (200450D BLRP
transcripts in Arabidopsisigs.1 mutant were lower than wild type when plants were
exposed to high light condition.

In 1998, Nakahira and co-workers reported endogerascillators (circadian
clocks) mechanism controlled the level of mMRNApadD BLRP. This phenomenon was
found in wheat Triticum aestivum). SincepsbD BLRP transcribed D2 protein in PSII
Reaction Centre, the authors speculated that tisadian oscillation may control D2
protein synthesis (Nakahigtal., 1998).

Other study in relation tpsbD-BLRP andpsbA was done by Baba and co-
workers (2001). They found a novel protein calléakpd ranscription &ctorl (PTF1).
This protein is a chloroplast DNA binding proteBapaet al., 2001). The Arabidopsis
mutant deficient in PTF1 protein lost activity pdbD-BLRP (stated as psbD LRP in
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original paper) but not ipsbA. The author suggested that this protein is inwblire
transcription ofosbD promoter.

Despite much research psbD-BLRP, little is known about regulation p$bD-
BLRP transcript in UV-B illumination. Recently, Bsm and co-workers (2005)
identified UV-B specific signalling component, el Arabidopsis thaliana UV-
Resistant locus 8 (UVRB8). Interestingly, the micrag study showed that UVRS8 also
regulatesS G5 gene. Theuvr8 mutants showed less expressionSd65. The authors
suggested that UVRS is involved in regulating pegtdhetic genes. So far, no research
has been reported on the pathwaySas5, psbD-BLRP and D2 protein under UV-B
radiation.

1.1.5. UVR8 and itsrolein UV-B signalling

Extensive research in light-signalling and percaptihave established
photoreceptors which mediate different responses different wavelengths.
Phytochrome perceives Red/Far Red (R/FR) light|sivbryptochrome and phototropin
strongly absorb blue/UV-A light (Uim and Nagy, 200%0 far no specific UV-B
photoreceptor has been identified. In attempts dentify UV-B photoreceptors,
numerous groups were working with different mutaams suggested different possible
pathways but the UV-B photoreceptor remains unknd®arhaps this is caused by the
complexity of UV-B perception and signalling system

At present, many mutants had been generated andeshhypersensitivity to
UV-B. Most of these mutants are altered in phenalicflavonoid compounds as
described in the previous section @tial., 1993;Lois and Buchanan, 1994andry et
al., 1995;Liu et al., 1995;Landryet al., 1997; Booij-Jamest al., 2000). Some of these
mutants had alteration i@HS gene. This gene has been studied widely in defence
mechanism against UV radiation. As mentioned bef@ES is a key enzyme in
biosynthesis of flavonoids, which have an abil@yptrotect plants from UV-B damage

since they strongly absorb UV radiation.
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The Arabidopsis UV resistance locus 8-1 (uvr8-1) mutant firstly characterized
by Kliebensteiret al (2002) showed hypersensitivity to UV-B. The homgpaysuvr8-1
mutant was obtained after four rounds of outcragsinthe wild type (Lansbergrecta
ecotype)TT5 (Kliebensteinet al., 2002). The parentdt5 line is deficient in chalcone
isomerase (Let al., 1993; Kliebensteirt al., 2002). Furthermore, thewr8-1 mutant
contains a single recessive mutation at the botitbochromosome 5. Thevr8-1 allele
contains a 15-nucleotide deletion in a gene sintbathe human guanine nucleotide
exchange factor Regulator of Chromatin CondensatigRCC1) (Kliebensteimt al.,
2002). The predicted UVR8 protein shares 50% shitylao the RCC1 family proteins
(Kliebensteinet al., 2002). However, RCC1 and UVRS differ in functi®@rdwn et al.,
2005; Cloix and Jenkins, 2008). Mutationuwr8-1 alters phenylpropanoid metabolism
and blocks induction of CHS protein. Tiher8-1 mutant also reveals that it is not
deficient in antioxidant defence (Kliebenstefral., 2002). The discovery of this mutant

led to research to gain insight into UV-B signailin

Figure 1.7.

Brown et al (2005) found thatCHS induction was impaired in all mutants
lacking in UVR8 protein. The impairment detectedsvepecific to UV-B illumination
and not mediated by cryptochrome 1 and phytochrAméotoreceptors (Browst al.,
2005). This result suggested tAatbidopsis UV Resistance Locus 8 (UVR8) protein is

a specific UV-B signalling component. Moreover, U8 RIso regulates transcription of
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HY5 (Brownet al., 2005). At least 50% of genes regulated by UVRS8adso regulated
by HY5 (HYPOCOTYL ELONGATIONS), a bZIP transcriptidactor. Theny5 mutant

is sensitive to UV-B similar taivr8 mutant. This finding implied that HY5 also is
needed in UV-B protection (Browet al., 2005). Related to this finding, Ulm and Nagy
(2005) reported that HY5S is regulated under UV-Bumknown signalling pathways in
the long region of wave length (300-320 nm).

To obtain insight knowledge in UVRS8, several agmites have been done.
Initial study in UVR8 (Brownret al., 2005) demonstrated that this protein is located in
nucleus and associates with chromatin via historfagther studies of UVRS
localization revealed that this protein is disttddi abundantly in whole part of
Arabidopsis thaliana such as leaves, root, rosette, stem and siliquEsédi and
Jenkins, 2007). The abundance of this protein aBd been assessed in different
wavelength and fluence rate of light and the resstablished that accumulation of
UVRS protein is not dependent on fluence rate aagtelength (Kaiserli and Jenkins,
2007). This study demonstrated that UV-B stimulatetbcation of UVR8 from
cytoplasm to nucleus. Further, activation of UVRB riucleus still requires UV-B
(Kaiserli and Jenkins, 2007). The authors concluthad UV-B promotes activation of
UVRS8 both in cytoplasm and nucleus (Kaiserli anakiles, 2007).

In addition to previous study (Browat al., 2005), recent study of the interaction
between UVR8 and chromatin showed that native U¥R&bciated with chromatin in
vivo (Cloix and Jenkins, 2008). This associationeslonot require UV-B. The
experiment also showed that UVRS8 interacts withootatin principally via histone
H2B. Chromatin immunoprecipitation (ChlP) assaysvetd UVR8 associated with
chromatin inHY5 promoter region (Browaet al., 2005). In addition to this result, Cloix
and Jenkins (2008) revealed that other regiondY& gene are associated with UVR8
and binding is not restricted to theY5 promoter. Further, UVRS8 interacted with
chromatin of several regions of some UVR8-regulaedes (Cloix and Jenkins, 2008).

In a recent study of UVR8 and UV-B signalling pa#tys, Brown and Jenkins
(2008) proposed several distinct pathways in whigW-B can stimulate gene
expression. The UVR8-dependent pathway is regulatetbw level of UV-B and
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regulates UV-B protection. Genes regulated by U\ARS also regulated under control
of HY5 as reported in previous study (Brownhal., 2005). The model proposed by
Brown and Jenkins (2008) showed tkitS ELIP1 andCRYD genes are regulated by
UVRS8 and HY5 transcription factor. Other UVR8-degdent genes i.e6GPX7, WAKL8
andS G5 need both HY5 and HYH. HYH is bZIP transcripti@tfor which has similar
sequence to HY5 (Brown and Jenkins, 2008). The raxpats usindyb, hyh andhys
hyh double mutants showed HY5 is more important thafHHBrown and Jenkins,
2008). The authors also proposed overlapping rdleH¥5 and HYH in UV-B
regulation pathways.

The other side of UV-B signalling pathway is theRB-independent pathway.
The UVR8-independent pathway was found to be regdlander higher level of UV-B
(Brown and Jenkins, 2008). The genes regulatedruhdepathway includ&VRKY30,
FAD oxidored andUDP gtfp.

As mentioned above, a previous study (Braaval., 2005) revealed that UVRS8
mediated expression of genes concerned with UV{Braes.Initial microarray study
established that at low level of UV-B, UVR8 proteggulates approximately 72 UV-B-
induced genes (5% False Discovery Rate), someeavh tare flavonoid-related genes
and some are genes that encode chloroplast prateiosiing ELIPs and SIG5. Further
study by Brown and Jenkins (2008) also showed ttatUVR8-dependent pathway
regulates expression &LIP1 and SG5. This result suggested that UVR8 may affect
photosynthetic activity (Browat al., 2005) related t&LIP1 andSIG5.

Despite many studies in UV-B and photosynthdsike is known about UV-B
signalling in photosynthetic pathways. Most reskaanly showed a correlation
between flavonoids level and sensitivity to UV-Btdrestingly, no research has been
conducted in order to understand how UVRS8 regul#teschloroplast genes and the
photosynthesis apparatus, particularly D1 and D#ems. These questions will be

addressed in this study.
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1.2. The objectives of the study

The importance of D1/D2 proteins in responsegtustress conditions, both in
higher plants and cyanobacterium, is known (Shigtod Barber, 1991; Barbaébal.,
2000; Booij-Jamest al., 2000; Ferjankt al., 2001; Sicoraet al., 2008). The damage
effects of UV-B are also well reported. The fadttho UV-B photoreceptor has been
discovered has established a wide range of res@ardv-B responseg-urthermore,
the discovery of UVR8 in UV-B responses, may giwnsight in UV-B signalling
studies. As mentioned before, experiments (Braawral., 2005) showed that this
specific protein also controls genes for chloropla®tein e.g.9G5 and ELIPs. The
uvr8 mutant fails to induc&CHS gene and is very sensitive to UV-B. According to
Brown et al (2005) UVR8 may play an important role in photastic activity. This
hypothesis so far has not been investigated. hegehypothesize that UVRS8 plays an
important role in the regulation of photosynthedictivity, in particular D1 and D2
proteins. In relation t&ELIP1 and SG5, transcript level of these genes also was
measured.

In order to asses the hypothesis, several appreasieee used usingvr8-1
mutant (Lansbergrecta ecotype)sigs.1, sigs-2 andelipl/2 double mutant (Columbia
ecotype). First, UV-B sensitivity assays were cardd with mutants under UV-B
illumination. Molecular investigation was also dore this approach, transcript and
protein measurements were used. In transcript measmt, gene expression was
analysed using Semi-quantitative Reverse-Trans&gptPolymerase Chain Reaction
(sgRT-PCR) with specific primers for each gene mieriest. Expression oACTIN2,

S G5, andELIP1 were measured in plants subjected to differerdllef’UV-B. In order

to focus on photosynthetic apparatus, transcrigt protein levels of D1 and D2
proteins were observed. In transcript level, Seunargitative RT-PCR ompsbA and
psbD-BLRP genes was conducted. The western blottindnotetvas applied to analyze
protein level of D1 and D2 proteins, usisggecific antibody against D1 and D2 proteins
(Agrisera). Another approach to investigate UVR@utation in photosynthetic activity

is by measuring PSII activity i.e. Fv/Fm, NPQ ard PSII. The measurements focused
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on Fv/Fm values. Measurements of PSII activity waéoee in collaboration with Dr.
Matthew Davy (University of Sheffield, UK).

31



Chapter 2. Materialsand M ethods

2.1. Materials

2.1.1. Plant materials

Seeds for wt &r, wt Col-0, anduvr8-1 were provided by Prof. Gareth | Jenkins’
group (University of Glasgow, UK). Theig5.1 seedswere obtained from Takashi
Shiina, Ph.D (Laboratory of Applied Biology, KyotdPerfectural University,
Shimogamo, Sakyo-ku, Kyoto, Japan) agb-2 seed were derived from Kan Tanaka
(Institute of Molecular and Cellular Biosciencesjitersity of Tokyo, Tokyo, Japan).
The €elipl/2 seeds were obtained from Prof. Carlo Soave (Dipartto di Biologia,
Universita degli Studi di Milano, Italy).

2.1.2. Chemicals

All the chemicals used in this study are commerci@micals, purchased from
SIGMA-ALDRICH Sci., FISHER SCIENTIFIC, BIORAD or ated.

2.1.3. Light measurement

White light was measured usibg+COR LI-250 light meter and for UV-B using
Spectro Sense (Skye Instrument Ltd, Wales,UK).
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2.2. Methods
2.2.1. Plant Growth and Treatment conditions

For transcript measurement and protein analysis| type ecotype Landsberg
erecta (wt Ler) and Columbia-qQwt Col-0) were used as conttolhe uvr8-1 (ecotype
Ler), sig5.1, sigh-2, elipl/2 (ecotype Columbia) mutants were used in all treatm

Plants were grown on compost for 14 days in cootisuwhite light (120 + 25
pmol m?s?) at 20°C. For wt ler anduvr8-1 mutant, plants were illuminated to distinct
level of UV-B, i.e. 1 + 0.2umol ms?, 3 + 0.5umol m?s* and 5 + 0.5umol m*s* UV-

B for 2 hours, 4 hours and 6 hours. For transaimlysis ofpsbA andpsbD-BLRP,

plants were exposed to 3 + Quol m?s® of UV-B for 4 hours, 7 hours and 14 hours.
For D1 and D2 protein assays, total protein wasaeted from 14 hours-illuminated-
leaves. The remaining genotypes (wt Col-0 and itgsamts) were exposed to 3 £ 0.5

pmol m?s* UV-B for 14 hours.

2.2.2 UV-B Sensitivity Assays

The UV-B sensitivity assay method was undertakecom@ling to Dr. Bobby
Brown’s method (Browret al., 2005) with prolongation time of exposure (perdon
discussion with Dr Bobby Brown, University of Glasg Scotland, UK). Plants were
grown on compost for 12 days under continuous wifjte: (120 + 25umol m?s™) then
exposed to white light (kept constant) with supmetary UV-B (5 + 0.5umol mi’s™)
for 60 hours and 72 hours. Cellulose acetate filtes used to prevent UV-C radiation.
Filter was changed every 24 hours. After each piat, plants were returned to 120 +
25 umol m?s* continuous white light for five days to recovehofographs were taken

before treatment and after 5 days of recovery gerio
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2.2.3. The efficiency of photosynthesis. Fv/Fm measurements

Experiments were done in collaboration with Dr. tatv Davy from
University of Sheffield, UK. All data reported wera combination from two
experiments. Measurements and statistical dataysiealwere under taken in
collaboration with Dr. Matthew Davy.

Plants were grown on compost, one plant in eachrtingor 14 days under
continuous white light (120 + 28mol m*s?). The surface of the compost was covered
with black plastic beads before treatments to prewvagal growth, which would
interfere with chlorophyll fluorescence imaging.-ddys-old plants were transferred to
1 + 0.2umol m?s*and 5 + 0.5umol m?s*UV-B (for wt Ler anduvr8-1 only) and 3 +
0.5umol m?s?! (for all plants¥or 2, 4, 6, 7, 11, 14, 15, and 20 hours (duratiow vary
to each genotypes). Plants were adapted in the dark30 minutes before
measurements. Actinic level was either 120 or fftbl m’s™. The saturating light

white pulse was 3000mol m*s™ for 200 ms.

2.2.4. Transcript M easurement
2.2.4.1. RNA Isolation

RNA was extracted using Qiagen RNase Mini Kit. Mat leaves were
harvested and ground in liquid nitrogen and dechimito 450ul of RLT buffer. The
sample was transferred to QlAshredder and cenadulgr 2 minutes at 13200 rpm.
Then the supernatant was transferred to a fresd tamtaining 2251 of ethanol
without disturbing the pellet. The sample was tfamed to an Rneasy spin column and
centrifuged at 11000 rpm for 15 seconds. The s@panh was discarded and 7(l0of
RW1 buffer added to the column. The column wasrdeged at 11000rpm for 15

seconds. 500l of RPE buffer was added afterwards. Then thernalwas centrifuged
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for 15 second at 1100rpm and the supernatant veagardied. 50Qu was added for the
second time and the column was centrifuged at 11p60for 2 minutes to wash. To
dry the column membrane, the column was placedashf2 ml collection tube and
centrifuged at 13000 rpm for 2 minutes. Then isyeéaced in a 1.5 ml fresh tube and
30 pl DEPC-treated kD was added directly to the membrane and centiifagel 1000
rpm for 1 minute to elute RNA.

RNA concentration was measured by spectrophoton{&myartSpecd™ 3000,
BIORAD). RNA was diluted in DEPC-treated ,® (dilution factor = 100) and
absorbance was measured\&@60 nm, 280 nm and 320 nm to know the appropriate
volume to make lig of cDNA. The total concentration of RNA was cddtad as in the

formula below (See Table 2.1 for calculation exashpl

Concentratiomqug/pul RNA = (40x ODygo x df) / 1000

OD2g0 = Optical density at 260 nm

df = dilution factor

Table 2.1. Example for RNA calculation

Sample A260 A280 A320 A260/A28( Concentation Volume for
(Hg/ul) 1ug
(ki)
Wt Ler 0.042 0.030 0.006 1.400 0.168 5.95

An appropriate volume of RNA was aliquoted to bedusn DNase treatment. RNA

stock was stored in -8Q.
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2.2.4.2. DNase Treatment

Following RNA isolation DNase treatment was used to eliminate contamination
of genomic DNA in RNA samples. 318 10x DNase | buffer and ful DNase | (3 units,
Ambion) were added to the RNA with an appropriateoant of DEPC-treated 4@ to
make total volume 3fl. The sample was incubated for 1 hour if@G75 pl of slurry
(Ambion) was added and incubated for 2 minutesoonT temperature. The tube was
flicked 2-3 times during incubation and centrifugat 13200 rpm for 2 minutes.
DNased-RNA was stored in ice ready for further prhaes.

To check whether the DNase treatment worked prop2r5ul of DNased-RNA
was amplified withACTIN2 primers using Semi quantitative RT-PCR (see sectio
2.4.4. for PCR method). Amplification was conducfed35 cycles. The PCR product
was run on EtBr-stained 1% agarose gel and docwdentGel-Doc imaging software
(BIORAD). If DNased-RNA still has DNA contaminatipthe whole procedure should
be repeated. For Double DNase treatment, an anadudbNased-RNA was taken and
added to 0.1% vol of 10x DNase | buffer (for example, if 30 of DNased-RNA was
used, add 4.5l of 10x DNase | buffer) and ful DNase | (3 units). Then procedure was

repeated until DNased-RNA is free from genomic DNA.

2.2.4.3. Reverse Transcriptase Reaction (CDNA synthesis)

For cytosolic mRNA, which includes trancripts®f5 andELIP1 genes, 0.4l
of oligodT was added intbO pl of Dnased-RNA sample. To ensure synthesis of cDNA
from plastid mMRNA (includingpsbA andpsbD-BLRP transcripts) which does not have
any poly-A tail, 2ul of random primer (Invitrogen) was used insteale Bample was
incubated at 7 for 10 minutes and immediately cooled in ice fominute. To the
sample, 51 AMV Reverse transcriptase 5x reaction buffer (Rega), 2.1 of 10 mM
dNTPs (1 mM final, Promega), 0.6l of 40 ufll RNAse inhibitor (1 udl final,
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Promega), 1l 25 mM DTT (1mM final), 1pl of 10 uful AMV (0.4 u/ul final) AMV
Reverse Transcriptase were added to appropriateCRERted HO to make total
volume 25pl. The sample was incubated at’@8for 45 minutes, then at 95 for 5
minutes and centrifuged briefly. cDNA samples wetered in -20C to be used in

further procedures.

2.2.4.4. Semi-quantitative RT-PCR (sgRT-PCR) Reaction

2.5l of cDNA was used as template and added to gRds basal mix solution
consisting of Gul of 5 x Green GoTaq Flexi Buffer (Promega), ful®f 25 mM MgCb
(Promega), 0.5 of 10 mM dNTPs, 0.62hl each of 2Qul sense and antisense Primers,
0.125pul of 5 uul Taq Polymerase (Promega) and DEPC-treatgd i make total
volume 25pl. For negative control, 2.fl DEPC- treated kD was used instead cDNA.

For positive control, 2.5l genomic DNA was used. Primers used in this strdy

Table 2.2. Primerswere used in the study

Gene Primers References

ACTIN2 s:5-CTT ACA ATT TCC CGC TCT GC-3' Brown and Jenkins (2008)
a:5-GTT GGG ATG AAC CAG AAG GA-3

ELIP1 s:5-GTA GCT TCC CTA ACC TCA AG-3' Brown and Jenkins (2008)
a:5- GAATCC AAC CAT CGC TAA AC-3

SG5 s:5-TCCTTC GTG TTC GTT AGG AG-3' Brown and Jenkins (2008)
a:5-CAG TCC AAG CTC ACT ATATC-3'

psbD-BLRP s :5-GGA AAT CCG TCG ATATCT CT-3' Mochizukiet al (2004)
a:5-CTCTCT TTC TCT AGG CAG GAA C-3

psbA s:5 TTA CCC AAT CTG GGA AGC TG-3' Wormuthet al (2001)
a:5GAA AAT CAATCG GCC AAA AT-3
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Transcripts of genes of interest were always namedl to ACTIN2 bands. PCR

reactions are amplified in number of cycles afed:

Table 2.3. Number of cycleswasused in RT-PCR reaction

Gene Cycles Sour ces
ACTIN2 24 Dr. Bobby Browt
ELIP1 24 Dr. Bobby Brown
9G5 26 Dr. Bobby Brown
psbD-BLRP 18 Sami Khan (MRes Report, 20(
psbA 16 See Appendix 1

PCR reactions were run under the following condgigaccording to Dr Bobby Brown

protocols, with modification from Chiara Tonelli'grotocols, University of Milan,

Italy):

Step 1: 2 minutes 30 seconds at’@4 1 minute at 58C and then 2 minutes at 2

Step 2: 45 seconds at 9¢€, 1 minute at 58 and then 2 minutes at Q2 in appropriate
number of cycles

Step 3: 5 minutes at 72

Step 4:  forever at 18C

2.2.4.5. Running PCR products on agar ose gel

PCR products were run in EtBr-stained agarose I§¢él.agarose-TAE gel was
used forELIP1, SG5 andpsbA transcripts as they produce bands around 400-p00 b
For psbD-BLRP, 2% agarose was used as this product apeatsad 80 bp. For
example, to make 50 ml 1% agarose-TAE gel, 0.5 gragarose powder (SIGMA) was
added to 50 ml 4 TAE Buffer and solubilized by heating. 2 EtBr was added for

every 50 ml agarose solution.

38



The gel was poured into a tank and left until dokach PCR product was
loaded into a well and run with a buffer consistofglx TAE Buffer at 100 V. 1 kb
plus marker (Invitrogen) was used as a ladder. gddevas documented using imaging

Gel-DocQuantity One software (BIORAD) in saturation pixel mode.

2.25. Protein Analysis

2.25.1. Protein Extraction

Total protein was extracted according to Agrisefastocol, modified by Jane
Findlay (University of Glasgow, UK). Mature leavegre harvested and ground in
liquid Nitrogen to make fine powder. The powder wasisferred to a 1.5 ml eppendorf
tube containing 20Qul of extraction buffer (kept in ice) and frozen iradiately in
liquid Nitrogen (LN); buffer contained 140 mM Tris Base, 105 mM Tri€iH0.5 mM
ethylendiaminetetraacetic acid (EDTA), 2% SodiumdBryl Sulfate (SDS), 10%
glycerol. Buffer stock was stored in a cold roorfiG¥and stirred carefully before use
to mix in glycerol. A half tablet of protein inhtior (Complete mini plus, Roche) was
added to 1 ml buffer. All the extraction procesaese undertaken in cold room°()
to avoid protein degradation.

The frozen tissues were sonicated at 30 % powel just thawed using
Soniprep 50 (SANYO). During sonication, the tubesvpdaced in ice to avoid heating
inside the sample. The sonicated sample was theimpuediately in Liquid N. Before
centrifugation, the tube was transferred from Libddk, into ice to defrost the sample
briefly (never put sample too long in ice beforatcéugation). Then the sample was
centrifuged in 4C for 3 minutes at 10000 rpm. The pale colour & pellet is an
indicator of whether the cell lysis has worked @ndy or not. After centrifugation, the
supernatant was transferred carefully to a frele ttontaining 1 M DTT to make 50
mM DTT final concentration (for example, 15 pyl 1 DTT was added to 285 ul

supernatant to make 50 mM 300 ul total volume)ldwohg the extraction processes,
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the total protein extract was measured using Bradd&ssay against Bovine Serum
Albumin (BSA) standard curve. Bradford assay wasags done on the same day

protein extraction was conducted.

2.2.5.2. Bradford Assay

For Bradford analysis, Bradford Reagent (BIORAD)swdiluted 5-fold in
demineralized-water (for example, to make 25 ml dBsed Reagent, 20 ml
demineralized-water was added to 5 ml Bradford BRegg2, 4, 6 and 8 pul of standard
BSA were pipetted into 1.5 ml eppendorf tubes. 15nabld diluted Bradford solution
was added to each tube. The solution was mixedullgreising a Gilson pipette. The
solution was then transferred to a plastic cuveitel put in a spectrophotometer
(WPAbiowave CO8000 Cell Density Meter) to read #iesorbance. A standard curve

was plotted in linear graph as in formula below.

Y=mX+cC

AXxis Y = absorbance

AXxis X = concentration

A good standard curve was achieved if the slope limesr (R) = 0.97. For
sample measurement, 2 pl protein was added to Bradford using the same method
as used in standard curve measurement. Total pratas calculated as pug/ul (Total
concentration was divided by 2). For D1 analys,ub/ul of total protein was used
whilst 20 pg/ul was used for D able 2.4). Once total protein had been measured,

some amounts of total protein were aliquoted iressEvtubes and stored at <80
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Table 2.4. Example of Bradford Assay

BSA (pg/ul) oD BSA Standard curve
2 0.13 06 |
4 0.24 05 |
6 0.37 g 044
8 0.47 £ 03] =008
g 0.2 4
0.1
0 T T T T !
0 2 4 6 8 10
concentration (ug/ul)
Sample oD Concentration Concentration | Volumefor | Volumefor
(g2 i) (Ho/pl) 10pg (W) | 20pg (M)
1 0.23 3.83 191 5.22 10.45

2.2.5.3. Western Blotting and | mmunodetection

An equal amount of 10 ug of total protein (for )20 pg (for D2) was added
to 5 ul protein dyedo not heat sample) and an appropriate amount of extrabtiffer
to make same total volume for each sample. The lesmyere loaded into SDS/PAGE
containing 40% Acrylamide, 1.5 M Tris Buffer, deraralized-HO, 10% SDS, 0.1%
SDS, 10% APS (Amonium Persulfate), TEMED and 0.91i$ Buffer (See Appendix
for complete recipe). 20 pl protein ladder (New EBnd Biolabs) was used. The gel
was run in SDS Running Buffer at 200 Volt in PAGHEK. D1 and D2 proteins appear
around 28-30 kDa (Agrisera’s protocols), took apprately 40 minutes to run in gel.

Following SDS/PAGE process, transfer process pexformed. The gel was
transferred to PVDF (Amersham Bioscience) membrfaneés0 minutes at 100 Volt.
The membrane was wet briefly in methanol before Adeer the transfer process, the

membrane was stained with Ponceau until bands eggppe@and then washed briefly in
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demineralized water. The washed membrane was putapieces of plastic cover and
scanned. After taking picture, membrane was blacg% milk in TBST overnight in a
cold room (4C).

On the next day, primary antibody (D1 or D2) wasitéd in 8% milk-TBST to
make total concentration 1/100.000. The blockingtsmn was discarded and antibody
solution was poured onto the membrane. The membwa® incubated in primary
antibody for 1 hour at room temperature on a shakieen the primary antibody was
removed (primary antibody can be used 2-3 timesedtat -20C) and membrane was
washed 3 times in TBSTT (5 minutes each) and om@BST.

The washing solution was discarded and secondaityoaly (anti-rabbit HRP,
Promega) was added; 1/200.000 dilution in TBST 8#k mas used. The membrane
was incubated for 1 hour at room temperature orhakes. After incubation, the
secondary antibody was discarded and the membrasevashed 5 times in TBSTT (5
minutes each) and once in TBS. Then the membrasecarered with ECL+ solution

for 5 minutes and developed in X-Omat machine veaébands.

2.2.6. Data Analysis

Data from the experiments were analyzed in twoed#ft approaches. First,
data were analyzed descriptively according to piagohs recorded from gels
(transcripts level) and western blot scan photdggafprotein analysis). Ponceau and
western blotting result scanning pictures were davé IFF files.

Second, data was analyzed quantitatively. To atiands from photographs to
guantitative value, each bands shown in Gel-DomcPau and Western Blotting
photographs were quantified usiQgantity One ® software. For transcripts level, band
of gene of interest was normalized AGTIN2. For protein level, band of protein was

normalized to rbcL bands.
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Chapter 3. Results
3.1. Theuvr8-1 mutant isvery sensitiveto UV-B

To observe sensitivity of plants under UV-B expesuseveral types of
Arabidopsis mutants i.eir8-1 (ecotype Landsbergecta), sigs.1, sigh-2 andelipl/2
(ecotype Columbia) were examined according to Bravral (2005) and personal
discussion with Dr Bobby Brown (University of Glasg, Scotland, UK). Plants were
grown in continuous white light (126 25 pmol mi*s?) for 12 days and transferred to
white light with supplementary UV-B (& 0.5 umol m?s?) for 60 and 72 hours then
returned to continuous white light to recover fod&ys(Figure 3.1). The aim of this
experiment was to confirm thaivwr8-1 mutant is hypersensitive to UV-B and to
compare the sensitivity of the other mutants redatouvr8-1 and wild type.

As shown in Figure 3.1 (Auvr8-1 mutant is very sensitive to UV-Bivr8-1
plants failed to survive after 5 days recovery qeriA similar result has been
demonstrated previously by Brovenhal (2005). The sensitivity afivr8-1 is caused by
failure to induce genes concerned with UV protettio

Figures 3.1(B) and (C) showed thaipl/2 and sigs mutants are apparently
tolerant to UV-B, no difference was seen in survigampared to wild type. With
regard toelipl/2 mutant, this observation is consistent with Radssinal (2006) in
which elipl/2 null mutant was apparently tolerant to high lighddiance (less than 400
umol m?s?). Thus our result may be addedetipl/2 studies, that this mutant is also
tolerant to UV-B.
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3.2. Mutant deficient in UVRS8 suffers damage to photosynthetic apparatus on

UV-B exposur e (measur ement of the photosynthesis efficiency)

Following the UV-B sensitivity assays, the photusesis efficiency was
measured on plants. The aim of these measuremastsovwnvestigate UV-B effects on
photosynthetic apparatus, PSIl particularly, andsée whether UVR8 plants were
different from wild type in their sensitivity to U.

The idea of Fv/Fm measurement is to provide infaionaabout PSII efficiency.
When dark-adapted plants are exposed to light, Pi§thents absorb the light energy
and use it to drive photochemical reactions. Thaicbtheory of this measurement is
explained in Chapter 1. Fv/Fm values of 0.7 — @ddate that plants are healthy. The
decrease in Fv/Fm values indicates reduction i Bfitiency. Statistical analysis of
Fv/Fm measurements is shown in Figure 3.2. All dagafrom experiments undertaken
with Dr. Matthew Davy (University of Sheffield, UKExperiments were undertaken
with plants grown in either 126 25 pmol mi®s® or 140+ 25 umol m?s® but since they
gave similar results only those for 12@5umol m?s* are presented.

As shown in Figure 3.2, wtek anduvr8-1 mutant were exposed to three distinct
UV-B levels i.e. 1 + 0.2umol m?s?, 3 + 0.5pumol m?s* and 5 + 0.5umol m?s* at
duration stated. At low level UV-B (1 + 0j2mol m?s?), there was no indication of
photoinhibition or other disruption in photochemieaativities (Figure 3.2 (A)). Fv/Fm
values were maintained at a healthy level (0.7 in wild type and mutant.

When plants were exposed to ambient level of U\b&h wt Ler anduvr8-1
had decreased values of Fv/KRigure 3.2 (B)). The values iruvr8-1 mutant differ
from wild type after 7 hours exposure. Significdeterence between the two genotypes
was shown when they were exposed to 11 and 14 kowBst 0.5umol m’s* UV-B.
This indicates photoinhibition or other damagesP®Il activity occurred inuvr8-1
mutant after 14 hours exposure whilst in vet Lthe damages did not occur massively.
This difference in Fv/Fm can be seen in colour iesagf leaf fluorescence shown in
Figure 3.3.
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To test whether higher intensity of UV-B causegese damage to PSIl in both
genotypes, plants were exposed to high level ofBJi& + 0.5umol m?s™). As shown
in Figure 3.2(C), severe damages were detectedamspafter 14 hours exposure in
both wt Ler and uwr8-1 mutant; Fv/Fm had decreased rapidly to 0.5 and 0.3
respectively.

These findings led to conclusion that significdatmages occurred at 14 hours
of UV-B at 3 + 0.5umol m*s?, particularly inuvr8-1 mutant. This condition then was
used in further experiments to analyze photoiniabitat the molecular level. Both

transcript and protein levels were studied as destnated in the next sections.

3.3. Transcription of genes encoding chloroplast proteins controlled by UVR8

According to Brownet al (2005), UVR8 significantly regulated genes that
encode chloroplast proteins, ekl.IP1 andSG5. Further, 9 G5 is known to recognize
the promoter opsbA and the BLRP opsbD, genes that encode PSII core proteins, D1
and D2 respectively. In order to obtain knowleddeU¥R8 regulation pathways in
transcription level of PSII core proteins, trangtmeasurements &G5, ELIP1, psbA
and psbD-BLRP were assessed using Semi-Quantitative Reva@msmscriptase
Polymerase Chain Reaction (sq RT-PCR) as descnibbthterials and Methods. This
following section will be focused on analysis ohgs encoded by cytosolic MRNA, i.e.
SG5 and ELIP1. Transcription ofpsbA and psbD-BLRP will be shown in further

section in correlation with protein assays of Dl &2 proteins.

3.3.1. Transcript level of SIG5and ELIP1inwt Ler and uwr8-1
Transcript levels o8G5 andELIP1 were measured in three different levels of

UV-B, i.e. 1 + 0.2umol m?s?, 3 + 0.5pmol ms*and 5 + 0.51mol m?s™. Plants were

grown in continuous white light (120 + OuBnol m?s?) and illuminated with UV-B for
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duration noted(Figure 3.4 (A)). In all cases, transcript levels were normalized t
transcripts of thCTIN2 gene, which was used as a loading control.

As shown in Figure 3.4 in both wtet. anduvr8-1, ELIP1 transcripts do not
appear in untreated plants. Casaetzal (2005) stated that ELIPs are only expressed
when plants are exposed to stress environmentsirthdiit photosynthetic activity.
Adamska and co-workers (1992b) found both transenq translation level of ELIP
were not detected in pea subjected to UV-B. HoweVegure 3.4 revealed that
transcripts oELIP1 are detectable in Arabidopsis plants subjectdd\teB. Compared
to wt Ler, expression oELIP1 in uvr8-1 mutant is not detected in any condition. These
results indicate thaELIP1 transcript is controlled by UVR8. Accumulation BEIP1
appears in wt & plants exposed to UV-B. F@&LIP1, 1 + 0.2pmol m?s* UV-B is
sufficient to induceELIP1 expression and transcripts are detected 2 houes aft
exposure to 3 or 5 + 0amol m?s* UV-B. ELIP1 expression is shown when werl
plants were exposed to 3 + Qubnol m?s? for 4, 7 and 14 hours. Accumulation of
ELIP1 transcripts in 4 and 14 hours exposure was lesms Thhour, indicating that the
peak was reached when plants were exposed to W-B iourgFigure 3.4 (B)).

Expression ofSG5 gene still appears imvr8-1 mutant but is much less
compared to wt &. These findings confirm previous experiments (Briaval. 2005)
that UVR8 regulate§IG5. SIG5 transcripts increased in 1 topsnol m?s* UV-B and

after 2 to 14 hours illumination.

3.4. How does UVR8regulate PSII coreproteinsin transcript and protein level?

As described in chapter 1, the intention of thisdgtis to investigate UVR8
function in regulating expression of PSIl core pm$ under UV-B, both in
transcription and translation level. In order tdaob the goalspsbA and psbD-BLRP
transcript levels were examined in warlversusuvr8-1 mutant. Transcripts of the gene

of interest were always adjusted AGTIN2. This section first demonstrates results in
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transcript measurements pabA and psbD-BLRP genes. Data of D1 and D2 proteins

will be shown in section 3.4.2.

3.4.1. psbD-BLRP and psbA transcriptsin response to UV-B

3.4.1.1. psbD-BL RP transcripts accumulated in response to UV-B in wild-type but
lessin uvr8-1 mutant

The psbD-BLRP transcript was examined both in warlanduvr8-1 mutant at
different levels of UV-B for 2, 4 or 6 hou(&igure 3.5). In mature leaf wt & plant,
psbD-BLRP transcripts accumulated linearly with inciegsintensity and time of
exposure to UV-B. These transcripts in wild typepegred stronger than uwr8-1
mutant relative tAACTIN2. In the absence of UVR8 protein, there was litthange in
the transcript level in response to UV-B. Sinceetiwas limited in this study,
measurement at different fluence rates was noatepe

The second type of experiment was done in trigdicat days-old-plants were
illuminated with UV-B at 3 + 0.5umol m?s™ for 4, 7 and 14 hours (See Materials and
Methods). Semi-quantitative RT-PCR and simple stiatil analysis of quantifiepsbD-
BLRP are shown in Figure 3.6 (A and C) respectiviiythree different experiments,
two of them were done in duplicate. In one of thesperiments, one sample failed to
be expressed in semi-quantitative RT-PCR. To agheme was nothing wrong in this
result, the Semi-quantitative RT-PCR process wasated. Since not enough cDNA
was left, new cDNA was made and all the sampleg again adjusted to obtain similar
expression iNACTIN2. For each set of new cDNA Semi quantitative RT-PCR
assessment foACTIN2, psbA and psbD was taken to be calculated in statistical
analysis.

The images of semi-quantitative RT-PCR showed thatabsence of UVR8
impairs the UV-B inductiopsbD-BLRP transcrip{Figure 3.6 (A)). Visual analysis of

three experiments in each case shows increaske aitount opsbD-BLRP transcripts
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in wt Ler in response to UV-B but less effect inr8-1 mutant. ThepsbD-BLRP
transcripts were less iavr8-1 mutant compared to wtek, consistent with previous
result(Figure 3.5).

To assess this result, imaging expression of eaold kwas quantified using Gel
Doc Quantifying method Quantity-One Software, BIORAD, calculated in local
background) according to Dr Helena Wade and Laudeadland’s method and
personal discussion with Dr Bobby Brown (UniversifyGlasgow, Scotland, UK). Data
are presented in histograffaigure 3.6 (C)). However, the quantification method has a
weakness. Since bands should be subtracted to toaridy different background would
give different normalization factor. Therefore,arbars could be quite large. However,
trend of means ipsbD-BLRP transcripts in UV-B induced wild type are ingg than
untreated plants. Further, the means bars showsdtidnscripts ofpsbD-BLRP in
uvr8-1 mutant are less compared to wild type, consistattt the imaging expressions
(Figure 3.6 (A)). Observation focus in the error bars showedsdiedil differences for 7

hours treatment.

3.4.1.2. IspsbA regulated by UVR8 in ambient level of UV-B?

To investigate whether UV-B affecissbA transcripts in the presence and
absence of UVR8 proteipsbA transcripts were measured. Since this had not deee
previously in Prof. Gareth I. Jenkins’ laboratatye condition for amplification needed
to be optimised. Semi Quantitative RT-PCR was uia#ien using several cycles of
PCR and 16 cycles chosen for all experiméAigpendix 1). The measurements were
done in triplicate along withpsbD-BLRP measurements. From Figure 3.6 (A)
apparentlypsbA transcripts are not affected by UV-B in both ggpes. The bands
apparent had similar intensities in all lanes. $seas this result, the same approach as
psbD-BLRP was used. The bands were quantified ugpogntity One Quantifying
method. Data are exhibited in histogréifigure 3.6 (B)). Despite the weakness in the
quantification method, the observation of StandBrdor (S.E) at 14 hours UV-B
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treatment appears to be significant difference betwwild type ker anduvr8-1 mutant.
This difference is not seen in imaging picture gR$-PCR(Figure 3.6 (A)). However,
the cause of greater accumulationpsbA transcripts inuvr8-1 mutant compared to

wild type at 14 hours UV-B treatment is unclear.

3.4.2. D1 and D2 Protein assays

3.4.2.1. UV-B radiation causesreduction in D1 protein

Among chloroplast protein§)1 protein is known easily to degrade when plants
are exposed to photoinhibitory light conditions. Blko may be a target of UV-B.
Fv/Fm values as shown in section 3.2 indicate réolmof PSII activity under 3 + 0.5
pmol m?s* UVB for more than 6 hours. To attain knowledgetat molecular level,
western blot analysis was conducted using an ahtiadtibody (Agrisera). Total
proteins were extracted from 14-days-old-plantsoseg to UV-B at 3 + 0.mol m’s
! for 14 hours.

Pictures shown in Figure 3.7(A) are taken frone¢hindependent experiments.
As expected, bands migrated to apparent 28-30 kD&DS/PAGE gel. These bands
corresponded to D1 protein (According to Agriselaaflet from whom the antibodies
were purchased). In some journals, D1 protein isesponded to 32 kDa product.
Immunoblot assay showed this protein consistergblided after 14 hours illumination
with UV-B both in wild type anduvr8-1 mutant but there was much change in wild
type. Two of these experiments showed that D1 praneUV-B induceduvr8-1 mutant
have less amount compared to wild type. This indikdhat in the absence of UVRS8
protein, UV-B may promote increased degradatioDbfprotein.

As same as in transcripts level, scan of poncésinisg and western blotting
proteins were quantified and presented in histogi@igure 3.7(B)). Statistical
differences of Standard Error observation showeerethis significant difference

between UV-B and non UV-B treatment. THisding suggested that UV-B may
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increase degradation of D1 protein, consistent wistual analysigFigure 3.7 (A)).

However, there is no significant difference betwdentwo genotypes.

3.4.2.2. Regulation of D2 protein level isnot clear yet

In an attempt to investigate D2 protein under U\&iposure, four independent
experiments were done. In each experiment, sevepéitations were conducted. The
total protein from 14-days-old\rabidopsis thaliana was extracted as described in
Materials and Methods section. AQ of total protein were loaded to SDS/PAGE gel.
Western blot analysiwas conducted using an anti-D2 antibody (Agrisefag cross-
reacting protein had an apparent molecular mag8-®&0 kDa, as stated in the Agrisera
leaflet. Unfortunately, western blotting assay of D2 protiiited to determine whether
UV-B affects the level of this protein in the abserof UVR8 protein. There were
variations in every experiment as shown in FiguBeahd more in Appendix 2.

To look for a trend in D2 regulation under UV-Bchaxperiment was analyzed
independently. All bands of protein were quantifiegsing Quantity-One Software and
normalized to rbcL bands. Statistical analysis lbftlee experiments is presented in
Figure 3.9. The histograms showed variation in eaqieriment which made it difficult

to establish a trend.

3.5. Response to UV-B in mutant deficient either in SIG5 or ELIPVELIP2

proteins

As mentioned above, there is evidence that UVR8latgsELIP1 andSG5. To
compare to UVRS8 deficient mutant, experiments usmgants deficient in SIG5 and
ELIP1 were conducted. Transcript levels ACTIN2, SG5, ELIP1 and psbD-BLRP
were measured for plants exposed to 3 H0®| m?s* UV-B for 14 hours. All genes

of interest were adjusted #®CTIN2 (Figure 3.10). Fv/Fm values for these mutants
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exposed to either 3 + 0y5mol m?s* UV-B alone or plus supplementary high white
light (150 + 25umol m?s™) also were measurg@Figure 3.11). All data for Fv/Fm
measurements were obtained in experiments withMatthew Davy (University of
Sheffield, UK).

In all untreated genotypeELIP1 was not expressed, as shown in Figure 3.10
(A). This behaviour is similar to that seen in ver landuvr8-1 untreated planté-igure
3.4). When plants were transferred to 3 = Qrkol m?s* UV-B for 14 hoursELIP1
failed to be expressed in tleipl/2 double mutant as expected. Strongest expression
was shown irsigh.1 mutant. Whether there is relation betw&@5 mutation insig5.1
mutant and the amount &LIP1 transcript and whyig5-2 had different expression is
still unknown. This possibility was not tested liststudy.

S G5 transcript appeared weak in untreated wild typeeehipl/2 double mutant
and was induced by UV-B in both genotypes. Very kveapression ofSG5 was
detected insigh.1 mutant exposed to UV-B. This was an unexpecteditres this
mutant is a knock o8G5 mutant (Tsunoyamet al., 2004). Whether the seeds were
contaminated during sowing plants or other post#sl were not assessed since there
was not enough time to repeat and assess the witedpesults in this study.

That SG5 mediates activation ofpsbD-BLRP gene is well documented
(Mochizuki et al., 2004; Nagashimet al., 2004; Tsunoyamet al., 2004; Ondaet al.,
2008). To investigate whether the absence and resafS G5 in different genotypes
affectedpsbD-BLRP transcript in UV-B exposure, semi quantitatRT-PCR ofpsbD-
BLRP was assessed in four different genotyfgeégure 3.10 (B)). It is clearly shown
that plants which are not deficient &hG5 strongly inducepsbD-BLRP gene following
UV-B exposure. Thesigb mutant plants fail to showsbD-BLRP induction. This
indicates thaBl G5 is important in the activation @sbD-BLRP by UV-B.
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3.6. Fv/IFm measurement on Arabidopsis mutants deficient in either SIG5 or
ELIPLELIP2 proteins

Along with transcript analysis, Fv/Fm values wereasured orsig5.1, sig5-2
and elipl/2 mutants (ecotype Columbia). Statistical analysasFo/Fm values in
mutants compared to wild type are shown in Figurgl 3 Consistent with UV-B
sensitivity assay, the mutants had Fv/Fm valuekdrnighan wild type (wt Col-0) after
exposure to UV-B. Apparently in these mutants pegrithetic activity was maintained
properly.

In addition, to assess whether high white lighbalentributes to PSII activity,
measurement was also done on wt col-0 g8 mutants exposed to a mixture of UV-
B (3 + 0.5umol m?s?) and high white light (150 + 2mol m?sY). Thesigs mutants
were chosen based on knowledge ®I&5 has close relation fosbA andpsbD-BLRP
transcript regulation. Data are shown in Figurel3@). Compared to Fv/Fm values in
Figure 3.11 (A), plants exposed to a mixture of B\&nd white light had higher Fv/Fm
values. This result implied that UV-B in the presemf high white light did not impact

on photosynthetic activity isg5 mutants in this experiment.
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(A)

+ UVB 60h -UVB

+ UVB 72h

Figure 3.1. UV-B Sensitivity assay oifA) wt Ler vs uvr8-1 (B) wt
Col-0 vssigh.1 andsigh-2 and (C) wt Col-0 vselipl/2.
Plants were grown under continuous white light (¥22b
umol nr?s?t) for 12 days and transferred to UV-B (5 + 0.5
umol n?s?t) for 60 and 72 hours. After treatment plants
were returned to white light to recover. Photogsaplere
taken before treatment and after 5 days of recoveryd.

Before treatment 5 days after treatment

Wt Ler uvr8-1 Wt Ler uvr8-1
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+ UVB 60h -UVB

+ UVB 72h

(B)

Before treatment

Wt col-0 sigs.1

5 days after treatment

Wt col-0 sigh.1 sigh-2

54



(©)

-UvB

+ UVB 60h

+ UVB 72h

Before treatment

Wt Col-0 elipl/2

5 days after treatment

Wt Col-0 dipl/2
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Figure 3.2. Fv/Fm values of wt ér (closed triangle) andvr8-1 (open circle) infA) 1

Fv/IFm

+ 0.2 umol m?st (B) 3 + 0.5umol nm?s! (C) 5 + 0.5umol nr’stUV-B.
Plants were grown in continuous white light andhéfarred to UV-B for
duration shown. n=6 + S.E. Statistically significadifferences are
indicated by * = P < 0.05; * = P < 0.01; ** = P &001. Data shown are
combination from two experiments in collaboratiothwDr. Matthew

Davy (University of Sheffield, UK).
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Figure 3.3. Color images of Fv/Fm measurements(é) wt Ler and(B) uvr8-1
either untreated or exposed to 3 * QrGol nT’s* UV-B for 14 hours.
Fv/Fm values 0.7-0.8 indicate plants are healtHgnt® were dark
adapted 30 minutes before measurement. Photogeaphsourtesy of
Dr. Matthew Davy (University of Sheffield, UK).

(A) Untreated + UV-B 3 £ 0.5umol m%s?, 14 hours

1.0
0.9 l
0.8
07
0.6
0.5
0.4
0.3
0.2
0.1
0.0

1.0
0.9

(B)
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0




Figure 3.4. Semi quantitative RT-PCR ACTIN2, ELIP1 and S G5 gene
expressions in wtér (wt) anduvr8-1 (u) (A) at 1, 3 and fumol
m2 s for 2, 4 and 6 hours of UV-BB) at 3 + 0.5umol nr?s?
UV-B for 4, 7 and 14 hours
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Figure 3.5. Semi quantitative RT-PCR analysis ACT2 and psbD-BLRP
transcripts in(A) wt Ler and (B) uvr8-1. Plants were grown in
white light (120 + 25umol n2s?) for 14 days then exposed to UV-
B at1, 3and 5 umol Bs!for 2, 4 and 6 hours.
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Figure 3.6. (A) Semi guantitative RT-PCR OACTIN2, psbA and psbD-BLRP
transcripts in 14-days-old wtet (wt) and uwr8-1(u) either untreated or
exposed to UV-B at 3 + 08mol nt2s? for 4, 7 and 14 hours. Photographs
are taken from 3 different set of experiments. iSiaal analysis ofB)
psbA and (C) psbD-BLRP transcripts. Data were normalizedAGTIN2.

All data shown are mean + S.E (n=3), analyzed uspugntity One
software (BIORAD), local background subtraction.
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Figure 3.6. (Cont.)(B) psbA and(C) psbD-BLRP transcripts. Data were normalized

to ACTIN2. All data shown are mean + S.E (n=3), analyzedgu§ial Doc

software Quantity One), local background subtraction
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Figure 3.7. (A) Western blot photographs of D1 protein in vér l(wt) anduvr8-1 (u).
Ponceau staining of ribulose-1,5-biphosphate cadagrylarge subunit (rbcL,
47.5 kDa) was used as a loading control. Figurevehare taken from three
indeendent experiments. 14 days-old-plants weresagpto 3 + 0.5umol nT
2s1 UV-B for 14 hours. Untreated and treated tissuesevextracted and
fractionated in SDS/PAGE Gel, then probed by speeiftibody against D1
protein (Agrisera). Equal amount of ug of total protein was loaded to each
lane.(B) Statistical analysis of quantified-D1 protein ad@assto rbclL bands.
Data are mean £ S.E (n=3).
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Figure 3.8 Western blot photographs of D2 protein in wer L(wt) and uvr8-1 (u).
Ponceau staining of ribulose-1,5-biphosphate carbsey Large subunit
(rbcL) was used as a loading control. Figures shawen taken from four
independents experiments. All the figures takenmfrexperiments are
provided inApendix 2. 14 days-old-plants were exposed to 3 %ol nr
s1 UV-B for 14 hours. Untreated and treated tissuesevextracted and
fractionated in SDS/PAGE Gel, then probed by speahti D2 antibody
(Agrisera). Equal amount of 24y total protein was loaded in each lane.
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Figure 3.9. Statistical analysis of D2 protein in wiel (wt) anduvr8-1 (u) from four
independent experiments, each replicated two to times (See Appendix
2). Data are mean * SE (n=2-4).
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Figure 3.10. Semi quantitative RT-PCR analysis (@) ACT2, ELIP1 and
SG5 and (B) ACTIN2 and psbD-BLRP in wt Col-0,sig5.1,
sig5-2 and elipl/2. Plants were grown in continuous white

light (120 + 25umol nr?s?) for 14 days then transferred to 3
+ 0.5umol n?st UVB for 14 hours.
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Col-0 Col-0
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Figure 3.11. Fv/Fm values ofA) wt Col-0 (closed triangle)kig5.1(open circle)sigs-2
(open square) an@) wt Col-0 (closed triangle) andipl/2 (open circle).
Plants were grown in continuous white light (1205fnol n%s?) for 14
days then transferred to 3 + Qunol nt?s! UVB for duration statedC)
Fv/Fm values of wt Col-O (closed triangle3g5.1 (open circle),sigh-2
(open square) at 3 = 0jfmol nr?s® UVB plus supplementary high white
light (150 = 25pumol m?s?) for duration stated. Values were obtained at
actinic light level of 20 or 500 Photosynthetic RitoFlux Density (n=6 +
S.E). Statistically significant differences betwewtd type and mutants are
indicated by * = P<0.05, ** = P<0.01 and *** = PED1. All data are
obtained from experiment in collaboration with Dvlatthew Davy
(University of Sheffield, UK).
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Chapter 4. General Discussion

4.1. SIG5and ELIP1 are not substantial in UV-B protection mechanism

As mentioned in the previous chapter and shownigargé 3.1 (A), theuvr8-1
mutant is very sensitive to UV-B compared to wilgd. After exposure to UV-Bjvr8-

1 plants suffer damage. Consistent with this redeNfFm values ofuvr8-1 mutant
decreased under UV-Brigure 3.2). A significant difference between wild type and
uvr8-1 mutant was shown at 8 0.5 umol mi?s® UV-B. This result indicated that a
deficiency in UVRS8 protein caused damage to thegeymthetic apparatus. According
to Brown and co-workers (2005) the sensitivityuef8-1 is caused by failure to induce
genes concerned with UV protection, and some o$ethgenes encode chloroplast
proteins such aSIG5 andELIP1. Contrary to Adamska and co-workers (1992b), who
reported that UV-B did not induce ELIPs in pea pdaand in agreement with Broven

al (2005), the result shown in Figure 3.4 showed #taumulation o8G5 andELIP1
transcripts following UV-B exposure was impairedunr8-1 mutant compared to wild
type. However, whether the reduction in Fv/Fm valwe the impairment of PSII
activity relates td&8G5 andELIP1 deficiency was not clear yet. To investigate wheth
SG5 and ELIP1 deficiency contributed to photodamage of PSllum8-1 mutant,
several approaches were used in this study.

As described in chapter 1, PSIl RC core proteinsadd D2 are encoded by
psbA andpsbD genes respectively. One of thebD promoters is unique, callgebD-
BLRP. This promoter is strongly regulated by blight and its activation specifically
requires SIG5. As shown in ChapterRdure 3.5 and 3.6 (A)), accumulation o8G5
transcripts was much lower imr8-1 mutant compared to wild type following UV-B
exposure. The same pattern can be seempsiD-BLRP transcripts. The UV-B
stimulation ofpsbD-BLRP transcripts appeared to be inhibitednn8-1 mutant. Thus it
was possible that the inactivationpsbD-BLRP was related to the lack SIG5.
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However, there was no evidence tBBE5 andpsbD-BLRP deficiency contributed to
D2 protein regulation under UV-B exposure sincedh&as much variation in western
blotting assays of D2 proteifigure 3.8).

On the other hand, UV-B caused a decrease in thmum@inof D1 protein as
shown in Figure 3.7 (A)The decrease in the amount of D1 protein appearduket
greater in theuvr8-1 mutant compared to wild type although the diffeenvas not
statistically significant. The decrease in D1 pioten wild type anduvr8-1 was
consistent with the UV-B sensitivity asséyigure 3.1 (A)) and Fv/Fm measurements
(Figure 3.2. and 3.3). D1 protein declined parallel to the decrease hotpsystem
efficiency in both wild type andivr8-1 mutant. This finding agreed with previous
studies of the turnover and damage of D1 proteWiBLpromotes rapid turn over of D1
and D2 proteins in barley leaf (Jansral., 1996a; Babuet al., 1999; Barbatet al.,
2000). However, the reduction in amount of D1 protend Fv/Fm values was not
determined by the transcript level. Semi quantigatRT-PCR ofpsbA transcripts
indicated that they were little affected by UV{Bigure 3.6 (A)). Although there was
inhibition in IG5 transcripts inuvr8-1 mutants psbA transcript did not change during
UV-B illumination. These findings imply that SIG$ not crucial in UV-B protection. A
possible reason is th&G5 may not regulatgsbA at the trancription level or that
another sigma factor can replace its function.

In an attempt to elucidate the role §fG5 and ELIP1 in UV-B signalling
pathways related to photosynthesis activdigb.1, sigs-2 and elipl/2 mutants were
used in this study. As described in chaptesid5.1 contains a T-DNA insertion in the
last exon of9G5 (Tsunoyameaet al., 2004). This mutant failed to shquebD-BLRP
induction under high light irradiation. As mentiahi@ the previous chapter, our finding
showed very littlgpsbD-BLRP transcript was expressed when the mutantmadiated
with 3 + 0.5 umol m?s? of UV-B for 14 hours. In additionpsbD-BLRP was not
expressed irsigs-2 mutant. Thesigh-2 mutant has a T-DNA insertion at exon 2 of
SIG5. However, both thesegs mutants are deficient in SIG5. Interestingly, UV-B
treatment ofsigb mutants did not drastically change Fv/Fm valuestasvn in Figure

3.11. In agreement with this measurement, UV-B isgitg assay showed theig5
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mutants were tolerant of UV-B. In contrast, tine8-1 mutant, which also lacks the
expression ofSIG5 transcripts showed hypersensitivity to UV-B andlugion in
Fv/Fm level. Taken together, our findings indicdtat SG5 is not substantially
involved in photosynthetic regulation under UV-Rligtion.

Parallel toS G5 observationELIP1 was also investigated in the presence and
absence of UVR8 protein. As described in chapteseleral evidences have been
reported that ELIPs might act as a photoprotegbretein. Adamska and Kloppstech
(1991) provided evidence that ELIPs interact with [@otein in PSII Reaction Center.
Further, studies of mMRNA and protein level showalt tthe ELIP mRNA level and
protein increased parallel with the decrease inpBitein (Adamskaet al., 1992a). A
recent study carried out by Heddad and co-work209q) revealed that accumulation
of ELIP1 transcript and protein in green leaf ofldviype Arabidopsis thaliana are
correlated with the degree of photodamage of PSadRon Center. Contrary to
previous research, studies of ELIP1 and ELIP2 deftcmutants d€lipl and €elip2,
respectively) showed that there was no signifiadifierence between wild type and
mutants in photoinhibitory treatments (Casaztaal., 2005). Further, double null
mutantelipl/2 behaved as wild type in a high light experimenag&tniet al., 2006). In
agreement with Casazetal (2005) and Rossirgt al (2006), the findings as shown in
Figure 3.1(C) and Figure 3.11 (B) clearly showeat &hpl/2 mutant is tolerant of UV-
B. Taken together, the impairment and reductiorFefFm values inuvr8-1 mutant

apparently was not caused BlylP1 deficiency.

4.2. Different response of psbA and psbD-BL RP genesto UV-B may indicate S| G5-

related and Sl G5-unr elated mechanisms

That SG5 activates psbD-BLRP and recognizepsbA promoter has been

proposed by several groups of researchers (Tsuregiah., 2002; Ondaet al., 2008).

Therefore, it is possible that these genes mayoresdifferently to light-stress
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conditions. Consistent with this idea, results im this study showed that these two
genes differ in response to UV-B. This observatias clearly shown for wter.

In wt Ler plants exposed to UV-B at different fluence ratpshD-BLRP
transcripts accumulated linearly with increasingemsities and time of exposure
(Figure 3.5). This indicates that expression of this gene inrB)Was dependent on
fluence rate and time. In earlier workshD-BLRP transcripts were found to increase
linearly to intensities in response specificallybtae light treatment (Tsunoyanetal .,
2002; Mochizukiet al., 2004). A response to UV-B has not been repgptrediously
and to date nothing is known hgwbD-BLRP transcript accumulated in response to
UV-B. According to gel-doc photograph@&igure 3.6) the psbD-BLRP transcript
increases in response to UV-B. On the other hpsigh transcript in wt ler was little
affected by UV-B.

As mentioned above, the different response ofetive® genes to UV-B may be
related to activation o8G5 gene. In a previous study, Tsunoyaebal (2004) were
using thesigs.1 knock out mutant. ThesbD-BLRP transcript reduced severely
compared to wild type in high light, whilgsbA transcript reduction was detected only
slightly. The author suggested that activatiopshD-BLRP specifically requireSIG5.
Furthermore, the study also showed tl@&62 gene recognizegpsbA and over
expression o8 G2 gene enhanced transcriptionpsbA andtrnE operon (Tsunoyama
et al., 2004). Ondat al (2008) noted thgbsbA promoter is recognized §G1, SG2,
SG5 and SG6. Moreover, they proposed th&G5 has dual functions in plastid
promoter recognition and recognizeshD-BLRP andpsbA differently.

Furthermore, our finding provides evidence that R3V is involved in
transcription ofpsbD-BLRP sinceuvr8-1 mutant failed to show strong expression in
response to UV-B compared to wild type. This pati®as not obviously found ipsbA
transcript.The failure to see an involvement of UVR8psbA transcript accumulation
in UV-B is perhaps because activation of this gsneot specific td3G5. There is no
report that UVR8 also regulates other sigma faonrieh recognizgsbA promoter. In
fact, 3G1, SG2 andS G6 were not assessed in this study.
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4.3. UV-B may differentially affect transcript and transation level of D1 protein

The failure to see any effect of UVR8 on th&bA transcript level in UV-B
illumination leads to several questions to be askld in correlation withpsbA
transcripts, D1 and UVR8 proteins. Is there any B\photoreceptor strongly
regulating psbA? Does UVR8 also regulatfiGl, SG2 and SG6 in Arabidopsis
thaliana? In the presence of UV-B, why did D1 protein dirsin rapidly? Is D1
synthesis regulated in transcript, translationastyranslational level?

As shown in Figure 3.7, D1 protein diminished aftd hours exposure in both
genotypes. Consistent with Fv/Fm measurem@igure 3.2 (B)), after 14 hours
exposure both wild type andvr81 mutant had decreased levels. In addition, the
decrease in Fv/Fm and possibly also D1 proteinvit8-1 appeared to be more severe
than in wild type. This implies that UV-B could @ photosynthetic apparatus, D1
protein particularly. This finding agreed to earlworks that D1 protein degrades
rapidly either in UV-B alone or in mixture with PARQanseret al., 1996b; Babuet al.,
1999; Booij-jamest al., 2000). Furthermore, deficiency in UVR8 proteimyrcause
D1 protein to diminish more rapidly under UV-B espoe and this needs to be studied
further.

The results failed to provide any evidence thatrdduction of D1 protein was a
consequence of a reduction A transcript. It is thus difficult to conclude thitl
protein level in UV-B environment is regulated he ttranscript level. As shown in
Figure 3.6(A) and (B) no sharp increasepdbA transcripts was detected when wild
type plants were shifted to UV-B. Observation dgritneatment duration time also
showed thatpsbA transcript did not strongly accumulate in UV-Bated uvr8-1
compared to untreated plant.

Kettunen and co-workers (1997) reported that tnapisand translation opsbA
gene in pea Risum sativum) was adjusted during photoinhibitory condition. €Th
accumulation opsbA transcript was followed by the increasing of Dhtegsis which
indicated the turnover process had happened totamai®SIl activity.In vivo andin

vitro studies inSpirodella mature chloroplast concluded that synthesis oA gene
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product) was regulated mainly at transcription l§i/eommet al., 1985). In contrary to
these studies, Baena-Gonzalez and co-workers (280Tuoted by Nagashineh al
(2004) provided evidence that synthesis of D1 @moteas mainly controlled at the
translation level. Once again, there is no eviddrma this study that the reduction of
D1 protein and photoinhibition of PSII is relatedl gsbA transcripts under UV-B
exposure. The reduction in D1 protein could berd#salt of inhibition of translation or
destruction of the protein. This study failed todfian involvement of UVRS in
transcript regulation of D1 protein and leads te possibility that UVR8 may act

differentially in transcript level and translation proteolysis of D1 protein.

4.4, UVR8isinvolved in psbD-BL RP transcript accumulation under UV-B

Assessment opsbD-BLRP transcripts in wt & anduvr8-1 mutant indicated
that psbD-BLRP transcripts were not accumulated in mutanstasngly as wild type
(Figure 3.5 and 3.6). Among six o-factors in Arabidopsis thaliana, only SG5 is
required for activation opsbD-BLRP gene (Nagashimet al., 2004). According to
Brown and co-workers (2005) and result shown IGergure 3.4), G5 is significantly
regulated by UVRS8. Thus it is suggested that atttwaof psbD-BLRP is dependent on
S G5 and regulated by the UVR8 pathway.

When plants were shifted from growth condition t&-B, accumulation of
psbD-BLRP transcripts was increased and both wild typé mutant showed reduction
in Fv/Fm values. However, no indication of photobition was detected at least until 7
hours exposuréFigure 3.2). This implies thafpsbD-BLRP transcripts are involved in
repairing PSII system under photodamage condition.

By extended contact with UV-B, reduction in Fv/Fadues was shown in plants
subjected to ambient and high level of UVdBgure 3.2 (B) and (C)). However, in
wild type Fv/IFm values were higher than mutant. entioned in Chapter 3, a
significant difference between wild type and mutamas found in ambient level of UV-

B. Thus analysis of UVR8 and photosynthetic agtivilas conducted at 3 + Opnol
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m?2stof UV-B. Here, it is clearly shown that extendedhaet with UV-B did not cause
damage or photoinhibition along with the increasamgount ofpsbD-BLRP transcript
in wt Ler.

On the other hand, deficiency in UVR8 produced kes®ount ofpsbD-BLRP
transcript and reduced plant ability to maintainllP&tivity. This result further
suggested thapsbD-BLRP transcript was controlled by UVRS8 in UV-B adiation.
However, there was no evidence that lackpigD-BLRP transcripts iruvr8-1 mutant
caused reduction in D2 protein and directly affdcRBSIl activity. The experiments

failed to show a consistent trend in D2 protein.

4.5, Statistical analysis on transcriptsand protein level

All the above analysis is descriptive analysis, eba®n images. However,
analysis was applied to convert images to quamitadata. Some discrepancies were
found which will be presented in this section.

Gel images showed that imvr81 mutant the psbD-BLRP transcripts
consistently had less expression compared to yjild.tHowever, standard error bars on
scanned gel bands indicate that the transcript t#vyasbD-BLRP in uvr8-1 mutant was
similar to wild type except for 7 hours UV-B treant. It is likely that variability in the
data is caused by scanning the bands, adjustiniget@djacent background level and
normalizing againsACTIN2. It would be better to use quantitative Real-TiRiIE-PCR
to measure transcript levels in future experiments.

As mentioned previouslypsbD encodes D2 protein in PSII Reaction Center.
However, whether the blue light promoter of thisyxgevas activated to regulate D2
protein under UV-B irradiation is still not cledfour independent experiments were
done and analyzed but no consistent trend in them&in was observed. Whether the
D2 protein was regulated at transcript level remainclear. Furthermore, whether the

decrease in Fv/Fm values and UV-B sensitivity wr8-1 mutant was related to
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regulation either of thgsbD-BLRP transcript level or D2 protein needs further
research.

In previous sectionHigure 3.7 (A)), the D1 protein gsbA product) apparent
reduced under UV-B particularly iovr8-1 mutant. Even though western blotting
images of D1 protein showed increased reductiorsponse to UV-B imvr8-1 mutant
in two experiments, the statistical analysis predi@ different result. The scanned band
of D1 protein was normalized to rubisco large sali (rbcL) and analysis of standard
error bars showed there is no significant diffeeeietween wild type andvr8-1
mutant (Histogram in Figure 3.7 (B)). However, there was a significant difference
between UV-B and non UV-B treatment, indicatingttb&/-B caused reduction in the
amount of D1 protein. This finding agreed with poexs researches as mentioned in
previous chapter. Even though UV-B is known to eaile damage of D1 protein, the
mechanism remains unclear. According to Semi-Qteive RT-PCR analysis and
western blotting photographs, thesbA transcripts and D1 protein were regulated
differently.

The discrepancy between imaging observation arigtatal analysis is perhaps
because the statistical analysis data were cagzlléiom sgRT-PCR and western
blotting analysis which were converted to quarntitatdata. The weakness of this
method is that the results are not purely quand@atdata. Some error during
quantification processes might happen. Since &l lbands must be subtracted to
background, different background could provide atéht result. In different
experiments, different gels provide different valugf background. Some are darker
than the other. In case of protein analysis, sowssipilities might cause different
values of background that can affect the overallte First, in the result scans of
ponceau staining of rbcL, some membranes have piokecolor than the other. More
pink color of themembrane will cause higher values of backgroundlesslsubtracted-
band values. Second, the result scans of westettingl analysis were taken in not
exactly the same developing tinmethe UV cassette. Some experiments showed bands
after being developed for a few seconds whilstdtieers needed a few minutes to be

developed. The intensities of the bands will dependsubjectivity assumption which
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developing time was the best in particular expenim&or example bands recorded
after being developed for 2 minutes gave strongpression than those developed after
10 second. Example for the calculation is showppendix 3. For all the reasons
above, quantification method might not provide aatei amount otranscripts and
protein. Repeating experiments both in transci@pid protein level, using quantitative
method is highly suggested. In transcripts levelanjitative Real Time RT-PCR
method can be used whilst in protein analysis, liappgrotein with radioisotope may

provide more accurate result.
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Conclusion and Suggestions

Conclusions for all the experiments as describgaténious chapters are:

1.

The uvr8-1 mutant is more sensitive to UV-B compared to wylde and shows
a greater reduction in photosynthetic efficiency/Hf) after UV-B exposure.
According to analysis on Gel-doc images, UV-B stabes accumulation of
psbD-BLRP transcripts and thpsbD-BLRP activation in response to UV-B
depends o8G5 and is regulated by UVRS.

3. UV-B has little effects inpsbA transcript

4. D2 protein regulation under UV-B irradiation remaumsolved.

5. According to western blotting scan result, UV-B sawamages to D1 protein

consistent with reduced PSII efficiency.
The reduction in D1 protein was not regulated atttAnscripts level sinqasbA

transcripts showed little change in all treatments.

7. SIG5 was not important in photosynthetic efficiemegulation under UV-B

ELIP1 andELIP2 were not important in PSII efficiency in UV-B.

Suggestions:

1.

Since there were discrepancies between descrigthe statistical analysis
repeating experiment using most quantitative methiechighly recommended
to obtain clear explanation.

Further research may be conducted to observeaehip between UVR8 and
other Sigma factors that recognjz@A promoter, i.eSG1, SG2 andSG6.
Further research needs to be focused on D2 pratsay to obtain knowledge
whether UVR8 also regulates D2 protein.
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Appendix 1. Semi-quantitative RT-PCR @EbA transcripts, amplified in several cycles to
find the optimum cycle to be used in the experimeBamples are cDNA of wt

Ler either untreated or exposed girBol n?s? of UV-B for 4 hours.

cycles

-UvB

14 16 18 20 22 24 25 26
. =

Primers :

psbAR : 5 GAA AAT CAA TCG GCC AAA AT-3
psbAF :5 TTA CCC AAT CTG GGA AGC TG-3

Reference :
Wormuth, D., Baier, M., Kandlbinder, A., Scheibe, R,
Hartung, W., and Dietz, K-J. 2001. Regulation of gene
expression by photosynthetic signals triggeredughomodified
CO2 availability. BMC Plant Biology.
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Appendix 2. Western Blot Analysis of D2 protein in wetd (wt) anduvr8-1 (u) from 4
independent experiments. Ponceau staining of rilesloS-biphosphate
carboxylase large subunit (rbcL) was used as a hgadontrol. Equal

amount of 2Qug of total protein was loaded for each lane.

D2in experiment 1

-UVB +UVB 3 pmol nist (14h) -UVB +UVB 3 pmol nist (14h)

rbcL b2

D2 in experiment 2

-UVB +UVB 3 umol n¥s? (14h) -UVB +UVB 3 umol n¥s? (14h)

D2

rbcL
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Appendix 2 (Cont..)

D2 in experiment 3

-UVB +UVB 3 pumol m?s* (14h) -UVB +UVB 3 pumol m?s* (14h)

wt u wt u wt u wt u

rbcL D2

D2 in experiment 4

-UvB +UVB 3 umol n?s? (14h) -UvB +UVB 3 umol n?s? (14h)

wt u wt u wt u wt u

rbcL
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Appendix 3. Comparison calculation of rbcL and D1 protein ofreated wt ler band from
two independent experiments. All experiments uraden in same condition. For
D1 western blot analysis, equal amount ofptpof total protein was loaded in
SDS/PAGE gel. Scanned images were quantified uQuentity One software

(BIORAD).
Membrane 1 2
rbcL band 1007.36 1267.48
background 879.83 778.84
(INT*mm2)
Adj. Vol. to background 58.93 245.64
(INT*mm2)

D1 band 1586.91 4357.72
background 852.70 1244.45
(INT*mm2)

Adj. Vol. to background 378.52 2400.35
(INT*mm2)
Normalized D1 to rbcL 6.42 9.77
(D1/rbcl)
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Appendix 4. Recipe for SDS/PAGE

Reagents
40% Acrylamide

1.5M Tris Buffer
DH,0

10% SDS

0.1% SDS

10% APS
TEMED

0.5M Tris Buffer

SDS Running Buffer (for 5 litres total volume):
151.5 g Tris HCI

720 g Glycine

50 g SDS

10x Transfer Buffer (for 5 litres total volume):
151.5 g Tris HCI
720 g Glycine

1x Transfer Buffer (for 1 litres total volume):
100 ml 16 Transfer Buffer

200 ml Methanol

700 ml DHO

Separating gel:
1.5 ml 40% Acrylamide

1.5ml 1.5 M Tris Buffer
2.9 mlIDHO

60ul 10% SDS

30ul 10% APS

4l TEMED

Stacking Gel:
250pl 40% acrylamide

660pl 0.5 M Tris Buffer
1.6 ml DH20

251 10% SDS

12.5p 10% APS

4l TEMED
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