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Abstract

In the case of plants, high temperatures are ottleeofommonest environmental
stress factors. Their impact however depends enntiensity and duration of the heat
stress (HS). Although plants have developed vargitetegies for avoiding/tolerating
high temperatures, serious HS results in irrevirdigat damage. Recovery from less
serious HS, nonetheless may be more important ttramS itself under time-varying
field conditions.

In the first chapter of the thesis, the most sigaiit structural and functional
changes caused by elevated temperatures are surach&or both light and dark phases
of the photosynthetic process. Considerable attens also given to the reversibility of
these changes as these provide clues to the phanaméheat tolerance.

The experimental part, based on two publicatioosyges on study of heat stress
effects and the reversibility of the resultant aes The use of a variety of heating
regimes (T-jump and linear heating with varioustimgarates) and comparison of their
impact, formed the major part of the work.

The first experimental part deals with the reveligyb of the fluorescence
temperature curve (FTC) measured using four difteheating/cooling rates (0.5, 1, 2
or 3 °C min'). The degree of fluorescence irreversibility aftex heating/cooling cycle,
a set of tangents of selected linear parts of th€ lAnd a denaturation model of
transforming a photosystem Il (PSIl) from beinglyfulunctional into to an adversely
changed one, were used for detailed evaluatioheofrteasured data. A fully reversible
response of PSII function as reflected in the ra@bdity of chlorophyll fluorescence,
was found for maximal temperaturesyfTof linear heating up to 42 °C. A partially
reversible response occurred up to temperaturegebat52 and 59 °C depending on the
heating/cooling rate (from 0.5 to 3 °C rifjn We applied the model to calculate
activation energies @ of this initial increase in the fluorescence wessibility
separately for each heating rate. Four differepr@gches led to values of from 30 to
50 kJ mof, and these decreased slightly with the increadirgting rate. The
assumptions used for the, Eevaluation suggest that the unrecoverable part of
fluorescence changes is caused by irreversiblaiosf certain PSIl reaction centers
(i.e. the accumulation of ).

The second part of the thesis deals with the impadinear and temperature-

jump heat stress on light-induced chloroplast ma@mThe leaf segments were either

xi
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linearly (2 °C mift) heated up to i or incubated for 5 min in a water-bath at the same
temperature. The changes in light-induced chlogipfaovement caused by the HS
pretreatment were detected after the particulatinrgeaegime at 25 °C using a method
of time-dependent collimated transmittance (CT)t €ach sample, the chlorophyll
fluorescence rise (FLR) was also measured to deterrdhanges in PSIl function
caused by the HS and for comparison of sensitofityre two methods. To evaluate the
effect of the HS regime on the samples more acelyrawe calculated 6 fluorescence
parameters from the JIP-test and 4 transmittancanpeers (amplitudes and rates of
chloroplast translocation for both accumulatioma&d as avoidance response). The HS
began to inhibit the chloroplast movement at lostezss temperatures (40 - 42 °C) than
PSII function, as reflected in the FLR curves (#5-°C). This difference in sensitivity
of CT and FLR was higher for the T-jump than foe thnear HS, indicating the
importance of the applied heating regime. For tighdst T, (45 °C), the motility of
chloroplasts was almost completely inhibited. Wadgvely propose that the inhibition
of chloroplast movement at higher temperatures emance the shielding function of
the exposed upper layer of chloroplasts and hetpeptr other chloroplasts located
deeper inside the leaf from photoinhibitory damadgoreover, measurement of
collimated transmittance changes, caused by lightéed chloroplast movement,
proved to be a sensitive method for use too, iretirty detection of the adverse effects

of elevated temperatures.

Xii



Introduction

1. INTRODUCTION

Plant photosynthetic reactions take place in clplagis. These organelles
contain an internal system of interconnected memdwa— thylakoids, the site of
photosynthesis. The main pigment-protein complexesembedded within thylakoid
membranes separating an inner aqueous phase, linm@nouter stroma (Fig 1). High
temperatures can alter the composition of the nwmponents of the thylakoid
membrane, lipids and proteins, as well as the a&pegbrganization of the pigment-

protein complexes.

Photosystem 2 Cyt bsf  Photosystem 1 .‘iil) 4H*
Complex COz

Stroma f

HO0000C0000 1o

P RRR R X% §< v

<£§?>25<$<§???>i$5§2 i it
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Figure 1. Pigment-protein complexes and photosynthetic lieéectron transport in thylakoid membrane

(reprinted from Blankenship 2002 with permiséLDorEach complex is composed of several subunits and
a large number of cofactors. The linear electramwflbegins at the oxygen-evolving complex (OEC) by
extracting electrons from water and continues viaotpsystem |II, cytochromegfbcomplex and
photosystem | to Ferredoxin (Fd). Ferredoxin casrithe electron to the enzyme, ferredoxin NADP
oxidoreductase which reduces NADRo NADPH. The electrochemical gradient of protof’)
generated within this process is used for the 3githof ATP and, molecular oxygen)@ released into

the atmosphere.

1 with the kind permission of Wiley-Blackwell pusliers, reprinted from Blankenship RE (2002)
Molecular mechanisms of photosynthesis. Blackv@hdon. Page 9, Figure 1.4.
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These structural changes can impair the normalgglnthetic functions. For a
more comprehensive understanding of plant reactidms chapter summarizes the
features of heat stress (HS) impact on the plaatgsynthetic apparatus in more detalil
than those determined by papers listed in the HExgertal part. Additional information
can be found in related reviews by Berry and Bj@akn(1980), Weis and Berry (1988);
Bukhov and Mohanty (1999); Carpentier (1999), Gewmg (1999), Wahid et al. (2007)
and Allakhverdiev et al. (2008).
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1.1. HEAT-INDUCED STRUCTURAL CHANGESIN CHLOROPLASTS

1.1.1. Thylakoid membrane composition

Plant membranes comprise a lipid bilayer and aremdéd mainly by
monogalactosyl-diacylglycerols (MGDG) digalactossttyiglycerols (DGDG),
sulphoquinovosyldiacylglycerels (SQDG) and the plodipids, in particular
phosphatidylglycerol — PG. The relative contenttbése lipids is about 45-50%
(MGDG), 25-30% (DGDG), approximately 10% (SQDG) ardund 13% (PG) in the
case of PG (Harwood et al. 1994). Several memHUrgigks, mainly DGDG, SQDG and
phospolipids form the lipid bilayer. In contrast@QIG belongs to the family of non-
bilayer-forming lipids, i.e. after isolation fromigher plants it forms non-bilayer
structures - usually inverted cylindrical micell@uinn and Williams 1985; Williams
1988).

1.1.1.1. Changesin thylakoid membrane lipid composition

The fluidity of the thylakoid membrane is vital fonaintaining the proper
function of the lipid bilayer. It can be describas the relative diffusional motion of
molecules within the membrane (Vigh et al. 1998] @s overall fluid character is due
to its fatty acid saturation and the ratio of MGIDGDG. A heat-induced increase in
molecular motion of membrane lipids causes increasmembrane fluidity (see Los
and Murata 2004 for review) and this can lead tntiegration of the membrane. The
subsequent plant acclimation reactions are a deeti@athe MGDG/DGDG ratio (Suss
and Yordanov 1986; Dérmann 2005; Chen et al. 2@@6)increase in the incorporation
of saturated fatty acids into the thylakoid membraisiss and Yordanov 1986;
Larkindale and Huang 2004). These changes resdkenreased membrane fluidity, i.e.
in preservation of membrane properties. Higher ¢inotemperature has also been
shown to increase saturation in leaf lipids (Ped@y7) and reduce the MGDG/DGDG
ratio (Wang and Lin 2006). However, the former fimgs contrast with the
cyanobacterium-related study of Gombos et al. (198% showed that the desaturation
of membrane lipids can to some extent stabilizegdymthesis under HS conditions.

It has been observed that some carotenoids, aparttheir light collecting and
quenching functions, can increase the thermostalmfi the photosynthetic apparatus

against heat stress, due to decrease in membradeyf(see Havaux 1998 for review).
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This role is attributed mainly to zeaxanthin acclatian and its interaction with the
lipid phase of the thylakoid membranes (Havaux @mdszecki 1993; Havaux et al.
1996; Tardy and Havaux 1997). A similar effectrioreasing the thermostability of the
thylakoid membrane is attributed to isoprene (2hyletl,3,-butadiene), a compound
emitted from the photosynthesising leaves of malantpspecies (Sharkey et al.
2001b).

1.1.1.2. Changesin protein composition

1.1.1.2.1. Denaturation of protein complexesin thylakoid membrane

More severe heat stress can result in the denatuirat existing proteins. For
identification of the thermal denaturation of alkim thylakoid protein complexes, a
variety of approaches have been used but mainfgrdiitial scanning calorimetry
(DSC) and electrophoretic methods.

Endothermic transition during DSC measurement aoayrat about 42 °C has
been attributed to OEC disruption (Cramer et aB1)9Thompson et al. (1986; 1989)
observed this transition in spinach photosyste(R3Il) membranes at 48 °C.

It is widely accepted that the D1 protein in PSIery vulnerable to light stress.
However, it seems to be very sensitive to high enaores as well. Heat treatment of
spinach thylakoids (40 °C for 30 min) resulted ieavage of the D1 protein and
production of 23 kDa N-terminal fragments wherehs D2 protein, a subunit of
cytochromes b559, CP43, CP47, and LHCII did notawde under the same HS
(Yoshioka et al. 2006). It is assumed that a filatagon of temperature-sensitive
protease is involved in the primary cleavage of Die protein and the well-known
degradation process of this protein under lightsstris similar to that induced by HS
(Yoshioka et al. 2006).

Smith and Low (1989) observed that during calorimescans (DSC) of
chloroplast membranes, denaturation of the wholdl PR&ction centre complex
occurred at around 60 °C. Shi et al. (1998) detectenaturation of the PSII core
complex using the Fourier transform-infrared spesttopy at similar temperatures
(from 55 °C to 65 °C after 3 min incubation). Fantranalysis of DSC scans revealed
that at the same temperature of around 60 °C,dleeaomplex antennae of PS I, CP43
and CP47 was also denaturated (Smith and Low 1@@@)estingly, circular dichroism

spectroscopy measurement showed that CP47 is rherendlly stable than CP43
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(Wang et al. 1999). These authors detected heat&wl denaturation of CP43 and
CP47 after 5 min heat treatment at 50 °C and 63€€pectively.

The denaturation of the LHCII in spinach chloropla&embranes, determined by
DSC at standard linear heating rate 1 °C hiok place at 76 °C (Smith et al. 1989).
This is in line with the complete degradation of CH observed in barley leaves
between 70 and 80 °C (Lipova et al. 2010). The esponding temperatures for
irreversible denaturation (around 72 °C) have #een reported in the case of LHCII
macroaggregates (Krumova et al. 2005). The temperahifted from 69 °C to 74 °C
with increase in scanning rate from 0.125°C frim 2 °C min* showing the importance
of absorbed heat.

Recently was investigated degradation of PSI. TH&l PBores partially
dissociated from light-harvesting complexes of A$ICI) around 60 °C and formed
aggregates (Lipova et al. 2010). Denaturation dfd@& polypeptides started at around
70 °C (Hu et al. 2004; Lipova et al. 2010) and thveye completely degraded around
90 °C (Lipova et al. 2010). LHCI subunits were fdua be more stable than PSI (Hu et
al. 2004). Although the content of LHCI proteinsghe to decrease at a similar
temperature, they were still present in the samgles at 100 °C. Further, a transition
centred at around 65 °C has been shown to origiftate denaturation of the GF
subunit of thylakoid ATPase (Smith et al. 1986; &okt al. 1992).

It has been shown that DSC transitions in pea kioytls are reversible (Nolan
and Vickers 1989; Nolan et al. 1992). Nolan andkeis (1989) examined thylakoid
membranes of cucumbers and peas during both heatthgubsequent cooling scans in
order to observe reversibility. Whereas cucumbeidakwoids exhibited almost no
reversibility, thylakoids of peas had reversiblangitions at 50 °C and 68 °C. The
results indicate that the calorimetric profiles tbflakoids from different plants can
vary. Interestingly, at high temperatures, the grathylakoids of pea denature
irreversibly, whereas reversible transitions rdflebanges in components associated
with stromal thylakoids (Nolan et al. 1992).

1.1.1.2.2. Heat shock proteins

Plants respond to elevated temperatures by indubmgynthesis of a group of
proteins called heat-shock proteins (HSPs). Expesef HSPs is increased when
plants are exposed to high temperatures (see Waalg2004; Efeglu 2009 for recent
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reviews) but can also be triggered by exposurelaritpissue to other environmental
stress factors, for example starvation (Zarskyl.et305), virus infection (Aranda et al.
1996; 1999), light stress (Stapel et al. 1993),amitxicity (Orzech and Burke 1988)
and even low temperatures (Sabehat et al. 1998). ifi¢rease in HSP synthesis is
induced primarily by the so-called heat shock fa¢see review by Nover et al. 1996).
There are five main conserved classes of plant H®Rsed according to their
molecular weights): HSP100, HSP90, HSP70, HSP60samall (17 to 30 kDa) HSPs
(Waters et al. 1996). HSPs are usually synthesiaetthhe cytosol and subsequently

transported into chloroplasts (Vierling et al. 198@rpentier 1999).

1.1.1.2.2.1. Synthesisof heat shock proteins

HSP expression correlates with cellular resistandeigh temperatures and the
accumulation of HSPs leads to increased thermatobter (Lin et al. 1984; Lindquist
and Kim 1996; Maestri et al. 2002; Jinn et al. 2004arng et al. 2006). A particularly
important HSP for induced thermotolerance seemetéiSP104 (Lindquist and Kim
1996).

HSPs allow plants to reduce the impact of HS iresswvays that are, however,
still the subject of research. One of the main uest of HSPs is their chaperone
function. As molecular chaperones, the HSPs plegt@al role in protein folding and
coping with proteins denatured by heat or otheessis. This function is attributed
mainly to the HSPs of a family of 60, 70 and 90 k{@arpentier 1999). Moreover,
HSPs prevent aggregation of already denaturedipsote induce a refolding of stress-
denatured ones (Lee et al. 1995; Wang et al. 2@her HSPs can assist if the protein
aggregation has already taken place. In particetl&R104, in coaction with additional
specific chaperones, promotes the refolding of egmped proteins and in this way
assists the plant with inactive proteins (Glovedt amdquist 1998).

Apart from their chaperone functions, some HSPs b®ssociated with the
thylakoid membranes (Suss and Yordanov 1986; Gilakyi and Klopstech 1988;
Carpentier 1999; Tsvetkova et al. 2002). For tha, pee binding temperature begins
between 36 °C and 40 °C and incubation at 42 °CL%omin is sufficient to induce the
binding (Glaczinsky and Klopstech 1988). The asd#om can regulate membrane
fluidity and preservenembrane integrity during thermal stress (Tsvetketval. 2002).
Suss and Yordanov (1986) suggested that interactmin HSPs with the outer
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chloroplast envelope membrane might enhance foomati the DGDG species leading
to increased thermotolerance due to decrease inbna@e fluidity at elevated
temperatures (see Section 1.1.1.1.).

It has been observed that small chloroplast HSPs3(2kDa) directly protect
the thermolabile photosystem Il under HS (Schusteal. 1988; Stapel et al. 1993;
Heckathorn et al. 1998). As a consequence, théretetransport chain from the donor
side of PSII to the acceptor side of PSI was foumnbe preserved during HS treatment
at 47 °C for 2 min (Heckathorn et al. 1998). Thetective function of HSPs seems to
be particularly important under the combined eHetftlight and heat stress (Schuster et
al. 1988; Stapel et al. 1993). Further, an impdrtesie in photoprotection and
reparation of PSII under photoinhibitory conditiassattributed to HSP70 (Schroda et
al. 1999; 2001).

Although plant HSPs in most studies are detectetthinviseveral hours, the
formation of HSPs in cells may be more flexibleg.e10-15 min - treatment at
temperatures of about 40 °C is sufficient for teaggg (Nover and Scharf 1984) or even
accumulation (Moisyadi and Harrington 1989) of HSP<ells. Heat shock response
depends not only on maximal stress temperaturealsd on applied temperature
regimes. A gradual temperature increase (0.5 °C'nin50 °C) permits far greater
amounts of protein synthesis (including HSPs) thashden heat shock (Howarth 1991).
A similar positive effect on amount of synthesizé8Ps was observed in the case of
sample pre-incubation at moderately elevated teatypess (36 °C) before exposure to
high temperatures (Ginzburg and Salomon 1986).athleors suggested that this effect
could be due to an induction process, most prohihielysynthesis of heat shock mRNA,
which is more sensitive to HS than the protein tsgsis itself. Thus, if this induction is
allowed, HSPs synthesis can follow at a more eéslvaémperature, resulting in the

development of heat tolerance.

1.1.1.2.2.2. Theroleof HSP in recovery from HS

Some HSPs directly prevent irreversible heat-ination of other proteins under
supraoptimal temperatures (e. g. Lee and Vierl®@02. The reversibility of HSP levels
is characterized by decrease in their expressiter aéstoration of the system to
physiological temperature. The persistence of H&sbeen determined for example in
pea leaves by Chen et al. (1990) and DeRocher. 0.891). They investigated the
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expression of small HSPs after a combined heat@ggme. HSP18.1 had a half-time of
37+8 h (DeRocher et al. 1991), which is quite simitathe 5212 h half-life estimated
for the chloroplast-localized HSP 21 (Chen et &9Q). In addition, HSP 21 fully
recovered to its initial level after about 7 dag#ce the half-life of these proteins is
long, they may play an important role during reecguy&€hen et al. 1990; DeRocher et
al. 1991). Interestingly, the levels of the HSP2@at@ns from maize disappeared after
heat stress more rapidly, with a half-life time abéh and were undetectable after 21 h
of recovery (Lund et al. 1998). For some HSPs, dbeation of this period can be
dependent on light intensity, as has been showthencase of HSP 23 (Debel et al.
1994).

Synthesized HSPs play an important role in plahtsughout these periods
because the cells exposed to another heat shodletiez protected from the effects of
high temperatures. These HSPs also improve theveeaoility under non-stress
conditions. Forreiter et al. (1997) used fireflyciferase as a reporter of chaperone
activitiesin vivo. HSP90 accelerated the luciferase renaturatiomgluecovery. HSP70
had anologous effects if coexpressed with HSP1shéwing that HSPs can assist in
normalization of cellular functions during recovdrgm stress (Forreiter et al. 1997).
Similar experiments have shown that sHSPs alsoawepthe recovery process (Lee and
Vierling 2000). Based on extensive genetic studiieyeast, a crucial role for plant
recovery after different stress treatments iskaitad to HSP104 (see Nover and Scharf
1997 for review).

Heat induced recompartmentalization of the chlasplmatrix that ensures
effective transport of ATP from thylakoid membranewards those sites where HSPs
are being formed, is proposed as a metabolic gifateplant recovery from heat stress
(Suss and Yordanov 1986).

HS induces the expression of HSPs as well as dexram normal protein
expression including production of both photosysteamd photosynthetic electron
transport chain components (Suss and Yordanov 19%86h temperatures reversibly
and irreversibly inhibited the synthesis of staddenloroplast protein in heat adapted
and non-adapted bean plants, respectively (Stussyamthnov 1986). These authors
suggested that the inability to accumulate sigaiftcamounts of HSPs was due to rapid
inactivation of the photosynthetic apparatus aseason for their results. The
experiments carried out by Nover and Scharf (1984used on the reversibility of

proteins synthesized under standard conditions@ahrtemperatures. They showed that
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recovery at 25 °C was slow after 2 h at 39 °C, wasran immediate recovery was
observed in the preinduced culture (15 min at 400idwed by a 3-h incubation at 25

°C) after the second heat shock (1 h at 41 °Cviahb by 25 °C for 1 h). The response
to repeated HS with respect to HSPs has been ddtactmillet seedlings as well

(Howarth 1991). Full recovery occurred after 4 daysler a regime of daily high T

treatment of 2h at 50 °C followed by incubation 2@h at 35 °C.

The dark phase of photosynthesis is considereicpknty sensitive to HS (see
Section 1.2.2.1). Demirevska-Kepova et al. (20GB)ehreported that the high stability
of Rubisco under HS in light may be related to ¢hevated levels of Rubisco binding
protein, which is required for the assembly of fRabisco holoenzyme. Since an
increase in Rubisco activase and Rubisco bindiotepr was observed under 24-h HS
and subsequent recovery in light, the results sippe function of Rubisco binding
protein as an HSP. The combination of high tempegaand darkness had a severe
effect on the investigated proteins and the dantagsed by HS was unrecoverable.
Taken together, although the role of many HSPsnwasbeen fully elucidated, many

can significantly improve the HS-related recoveigbof plants.

1.1.2. Structural organization of thylakoid membrane

Pigment-protein complexes inside chloroplasts aranged into stacked and
unstacked regions called granal and stromal thydskaespectively. These regions are
differentially enriched in photosystem | and Il qolexes (Fig. 2). Photosystem Il is
found almost exclusively in the appressed granmnsgwhereas PSI and ATP synthase
are found primarily in the non-appressed stromgilores (see Allen and Forsberg 2001

for review).

1.1.2.1. Reorganization of thylakoid membraneunder HS

Heat stress alters the normal distribution of pigtygotein complexes.
Temperatures above 35 °C caused detachment of d@&s from LHCIl and their
lateral migration from the grana regions out irfte stromal region, leaving behind the
LHCII in appressed zone (Weis 1984; Sundby and Assim 1985; Sundby et al.
1986). An analogous process is known to take placker strong light conditions, when
some of the LHCII associated with the PSIlI core.(in so-called State 1) are
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phosphorylated, detached from PSII reaction ceatet connected to PSI (State 2),
which results in increasing the PSI absorption sisection (Allen and Forsberg 2001).
As elevated temperatures usually accompany hight ligtensities, Sundby et al.
(Sundby and Andersson 1985; Sundby et al. 1986)esigd that the temperature-
dependent segregation of PSII from LHCII could bregulatory mechanism to prevent

overexcitation and subsequent damage of PSII dbgtolight intensities

Stroma

Stacked membranes
(grana lamellae)

)
m | | .3 . I:l Unstacked
membranes
(stromal
lamellae)
i CH) [T Il
ﬂ? ATP synthase D Cytochrome bgf
. Photosystem 1 . Photosystem 2

Figure 2. Spatial distribution of main pigment-protein coewx#s in chloroplast (reprinted from

Blankenship 2002 with permiss?c)nThyIakoid membranes inside chloroplasts are fmnmto stacks
called grana, which are connected by nonstacked bmames called stroma. Photosystem Il is located in

the stacked membranes while photosystem | in ufeda@gions. For more details see text.

The normal morphology of grana stacks in thylakoi@mbranes is usually
distorted under HS (Armond et al. 1980; Gounarigletl983; 1984). Measurements
using freeze-fracture electron microscopy showed ithcubation of bean chloroplasts
for 5 min at 35 - 45 °C causes complete destackingrana (Gounaris et al. 1983;
1984). Loosening of grana was also observed aftear heating (4 °C mit) up to 55
°C and was accompanied by swelling of the thylakdilik et al. 1995b).

2 With the kind permission of Wiley-Blackwell puldtisr reprinted from Blankenship RE (2002)
Molecular mechanisms of photosynthesis. Blackvg@hdon. Page 135, Figure 7.8.
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The normal lipid bilayer (Fig.1) can exist in difést states denoted as liquid
crystal phase or gel lamellar phase (Williams 19&8hanced temperature is one of the
factors causing the phase transitions from thessg#to the inverted hexagonal phase.
Treatment of bean chloroplasts above 45 °C caubadepseparation of non-bilayer
lipids from membranes into aggregates of cylindringerted micelles (Gounaris et al.
1983; 1984).

1.1.2.2. Reversibility of structural changesin membranes

The above-mentioned detachment of PSII cores fréi@ILwas, up to 5 min
incubation at 40 °C, almost fully reversible upoweéring the temperature (Sane et al.
1984; Sundby and Andersson 1985; Sundby et al. )19B6th the heat-induced
destacking as well as the phase-separation aftabations at temperatures higher than
45 °C were irreversible (Gounaris et al. 1983).

Heat has also been reported to induce aggregafiaHGIl (Gounaris et al.
1984; Tang et al. 2007). Tang et al. (2007) obsknverivo andin vitro aggregation of
LHCIl caused by HS 10 min incubation at 35 °C oghar. An observed linear
relationship between the formation of LHCII aggtegaand NPQ represents LHCII
aggregation as a protective mechanism to dissgatess excitation energy. This heat-
induced aggregation was reversible and caused Ipisolday specific association
between hydrophobic domains of different LHCII.

There is wide agreement that the reversible clang¢he membrane structure
precede the irreversible effects. These HS-indmeedifications in different membrane
properties reflecting injury, acclimation and reeov processes, are closely linked
together and can occur simultaneously (Santarid/éeis 1988).

11
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1.2. IMPACTSOF HIGH TEMPERATURE ON PHOTOSYNTHETIC FUNCTIONS

1.2.1. Effects of heat stress on components within thylakoid membrane
1.2.1.1. Oxygen-evolving complex

The oxygen-evolving complex (OEC) is located apprately at the
membrane—lumen interface and is functionally coteweavith the PSII reaction centre.
The OEC consists of a cluster of four manganesm@tavhich catalyse the oxygen
evolution, C&" and Cl cofactors and three extrinsic proteins of 17, 28kDa (PsbQ,
PsbP, PsbO, respectively) which are associated twéhlumenal surface of the PSII
reaction center and form the OEC (Fig. 3). This plax uses light energy trapped by
PSII to extract electrons from water for the phgtdisetic electron transfer chain and to
produce molecular oxygen which is released intoatineosphere (see e.g. Goussias et.
al 2002; Barber 2004; Renger and Kihn 2007).

1.2.1.1.1. Inactivation of oxygen evolution

OEC is generally considered one of the most s&esitomponents of the
photosynthetic electron transport chain to HS caonk. The loss of two of the four
manganese atoms results in the complete loss @feoxgvolving activity (Nash et al.
1985). Heat treatment also causes release of th2338nd 17 kDa proteins from PSII
(Nash et al. 1985; Enami et al. 1994; Yamane €t%8; Barra et al. 2005). The release
of the 17 kDa protein is most probably responsiblethe heat-induced loss of the
essential C4 ion from the manganese complex (Barra et al. 2004} ion release has
been also suggested as a first step in the hegt-j@sponse of OEC (PospiSil et al.
2003). The binding of the 17 kDa and 23 kDa proteas been shown to enhance the
binding kinetics of the CA cofactor (Ghanotakis et al. 1984). According tsNat al.
(1985) the removal of the 23 and 17 kDa proteiomfPSI| particles causes only slight
decrease in the heat stability of OEC.

In contrast, the 33 kDa protein seems to be esddnti oxygen evolution. In
particular, the 33 kDa protein is known to stalgilihe manganese cluster (Nash et al.
1985; Rivas and Heredia 1999; Kuwabara et al. 2003)as been shown that heat-
inactivation of oxygen evolution is directly reldtéo release of the 33 kDa protein
(Enami et al. 1994). Its separation with high corticion of CaCl or urea also always

12
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results in a large decrease in the OEC activityy@ddiand Murat 1983; Ono and Inoue
1984). Release of this protein is easier in therts of LHCII as has been shown in the

case ofthlorina-f2 mutant (Havaux and Tardy 1997).

CP43 ~<'—HC I >, CP47
/ N\
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D1 P68 Lz THYLAKOID
MEMBRANE
e
7 _—— -|_’\/|n4 *;—J\
7 23 kDa \ LUMEN
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/ ~— {17 kDa | .
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Figure 3. Schematic structure of photosystem Il (PSIl) arsdelectron transport chain within the
thylakoid membrane. Only major subunits of PSidigated in some cases by molecular masses, in other
cases by name) are shown. Electron extracted framenweduces redox-active tyrosine residug) (iat

then reduces the paired-chlorophyll and speciesOR@& primary electron donor in the photosystem I
reaction center. The electron continues via phetiphfPheo) to the first (& and the second @)D

quinone electron acceptor in PSIl and further, adicated in Fig. 1.

The effects of HS on OEC have also been investigatenany studies using
chlorophyll a fluorescence rise (FLR). This curve is characegtidy increase in
fluorescence intensity from minimum to maximal glieia several peaks known as O, J,
| and P. It mainly reflects gradual accumulationrefiuced first (@) and second (§)
quinone electron acceptors or following electromriess in thylakoid membrane (for
reviews see Lazar 1999; 2006; Lazar and Schan€k@®)2Under HS conditions the
shape of FLR is markedly changed and a new rapme#k usually appears (Fig. 4).
The appearance of the K-step in the FLR the cw\adtributed mainly to inhibition of

the oxygen evolving complex (Guissé et al. 1995 dreet al. 1997; Srivastava et al.

13
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1997; Strasser 1997). It has been shown that seaeerof rate constant of the J-P
increase and suppression of amplitude of the Jad3eheflects the inhibition of OEC
activity as well (PospisSil and Dau 2000) becausehefincomplete reduction of the
electron transport chain.

The thermostability of OEC can be improved by atiecacid (ABA) treatment
(Li et al. 2003), glycinebetaine or bicarbonate ifkdv et al. 2003).
Digalactosyldiacylglycerol (DGDG) has also beenvshdo stabilize OEC through the

better binding of extrinsic proteins (Sakurai et28l07).
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Figure 4. Chlorophyll fluorescence induction curves of tota leaf segments measured at 25 °C (curve
a) and at 50 °C (curve) after linear heating at the rate of 2 °C rirExciting light 300Q:mol (photons)
m s of red light (650 nm). The x-axis of the graploigarithmic.

1.2.1.1.2. Recovery of oxygen-evolving complex

The post-HS recovery ability of the water-splittingpmplex has been
documented in several studies. The flash inducedjenx evolution of intact spinach
chloroplasts was decreased at high temperatunesn(freatment), but it showed patrtial
recovery when the samples were cooled down andbated at 25 °C in the dark
(Yamane et al. 1998). The yield of oxygen evolutiaas fully reversible (relative to 25

14
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°C) only up to about 38 °Qajanek et al. (1998) obtained similar results viigirley
leaves when partial decrease in oxygen evolutiter 4D min incubation at 37,5 °C was
found to be mostly reversible within 10 min at 30, and at 42,5 °C irreversible. The
quantum yield of oxygen evolution during 2h recgviegom heat shock (36.5 °C or 40.5
°C for 15 min) was irreversible with reference tontrol in intact leaves (Havaux
1993a).

A higher degree of recovery of oxygen-evolving \dtti can also occur in
samples stressed at even higher temperatures @@ ¥G@) but much longer periods of
incubation at room temperature are usually necegsldrarley leaves were subjected to
heat pulses at 50 °C for 40 s, the oxygen evolaictiyity was almost fully reversible
after 48 h recovery in the light at growing tempera (Toth et al. 2005). In darkness,
recovery did not occur. The results contrast wigasurements carried out by Havaux
et al. (1987), who observed that the oxygen ewvatutof tobacco leaves can be
completely restored from 3-min incubation at 48 &ffer 24 h incubation at room
temperature in the dark.

One of the main features of OEC reversibility residn the action of 33 kDa
protein. This manganese-cluster stabilizing proterhich is usually released during
heat treatment, can rebind again to its functisital when the samples are cooled down
to room temperature after heat strgssitro (Yamane et al. 1998). The 33 kDa protein
itself seems to relatively stable under high terapges because its secondary structure
which was completely lost during severe HS, retdrtee a state similar to that of an
unheated one after lowering the temperature (Lyd8kinantiris et al. 1999). Even in
this case, the 33 kDa protein was capable of rétgnth PSIl and the activity of OEC
was restored. Also the initial content of OEC endit proteins in the sample could be
recovered. It took about 3 days in maize leavedh@case of 23 kDa protein) and 4
days (for 17 and 33 kDa proteins) after exposur@lants to two successive 20h
periods at 45 °C (Heckathorn et al. 1997). Howewaly partial recovery of water
oxidation capacity was found in wheat leaves (Mdha al. 1987). After 10 min at 45
°C and 47 °C and for the following 3 days at 25 fia&& samples reached only about
20% and 60% of control values.

These recovery experiments confirm the proclaimedgjility of OEC: a few
minutes incubation at temperatures higher than tahbu’C leads to longer recovery

times and more sophisticated repair mechanismsa@gneeed to be involved.
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1.2.1.2. Reaction center of PSI|

The photosystem Il core complex acts as an elednamsfer domain, which
facilitates the light driven charge separation iegdo water oxidation in OEC and to
the reduction of plastoquinone pool. It is a langeilti-subunit protein complex
containing more than 20 polypeptide subunits. Fnagor transmembrane subunits are
D1, D2, cyt b559, core antennae CP43 and CP47 8rig-he D1 and D2 proteins bind
the primary electron donor of PSIl (P680), pheophyyroines Z (%) and D (Y5) and
quinones Q, Qs (see reviews by Goussias et al. 2002; VassilievBaace 2008).

1.2.1.2.1. Heat-induced inhibition of the PSI| core function

The acceptor side of PSIl is generally considerentenstable under HS than
OEC but it is still one of the most sensitive patshe photosynthetic machinery (Berry
and Bjorkman 1980; Havaux 1993a, Carpentier 199@kAverdiev et al. 2008).

More severe HS leads to denaturation of PSII corapts) especially the fragile
D1 protein (see Section 1.1.1.2.1.). However, ewdd HS is sufficient to trigger the
inhibition of electron transport (ET), the most ionfant functional change in PSII. It
has been shown that HS induces inhibition of ETthet acceptor side of PSII,
concretely, the electron transfer from primary)@ secondary (& quinone electron
acceptor of PSIl (Bukhov et al. 1990; Cao and Gdjeie 1990). Cao and Govindjee
(1990) have suggested that this functional infobitmay be connected with a structural
change in D1 and D2 proteins. This is in line witie Fourier transform infrared
spectroscopy measurement carried out by De LassRaval Barber (1997). Their
experiments showed main conformational transitibP®ll core proteins at around 42
°C, which may correlate with the well-known semniyi of the reaction center of PSII
to HS as well as to photoinhibitory conditions (D&s Rivas and Barber 1997). The
impairment in electron transfer fromy@o @ could be related to a shift in the redox
potential of Q (Ducruet and Lemoine 1985, Bukhov et al. 1990ateL experiments
carried out on linearly heated tobacco thylakoidsficmed this view (Pospisil and
Tyystjarvi 1999). The heat-induced inhibition oéetron transport is related to increase
in the midpoint potential of the Q- couple from the standard value of -80 mV at 25
°C to +40 mV at 50 °C. HS-induced structural chanigeD1 and D2 proteins of PSII
could be a reason for the conversion of primarygune electron acceptor QA from low

to high potential form (PospiSil and Tyystjarvi 299
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There are a number of factors that can improvethbanostability of PSII. For
instance, high concentration of osmolyte (sucroseglycinebetaine) allows the
stabilization of the PSIlI core complex togetherhwihe OEC (Allakhverdiev et al.
1996; 2008). If HS has already inactivated the O&&torbate might protect the PSII
core due to donation of electrons instead of OE@H(Et al. 2009). Treatment by ABA
as well as NaCl also enhances the thermostabili®Sil (lvanov et al. 1992; Chen et
al. 2004). Analogously, protection by bicarbonataiast thermoinactivation of the
acceptor side of PS Il has been reported at temysesaof 42-50 °C as well (Pospisil
and Tyystjarvi 1999).

1.2.1.2.2. Chl fluorescence and PSI| coreunder HS measured by its means

The light absorbed by the photosynthetic apparaluges the electron transport
within the thylakoid membrane. However, a minorcfran of captured light is emitted
as fluorescence (F), which presents a competingegsoas deactivation of excited
pigments. Its measurement provides a useful didgneay for studying the functional
state of the photosynthetic apparatus (see KrandeWeis 1991; Lazar 1999; Sayed
2003 for review). This experimental method is raprdlatively sensitive, non-
destructive and it has been extensively used tectiedind understand HS-induced
changes in the plant photosynthetic apparatus.

In contrast to the low-temperature chlorophyll (Chiorescence signal, where a
substantial part of the emission comes from PSlagke and Weis 1991), the
fluorescence measured at room (and supraoptimalpemture originates presumably
from chlorophylla molecules in PSII (Stahl et al. 1989; Krause aneisAl991). The
part of the fluorescence emission ascribed to R8Ike significant, especially in the
case of wavelengths of approximately 700 nm antdrigPfindel 1998; Agati et al.
2000). Despite the fact that this should be takeém account, it is generally considered
that chlorophyll fluorescence reflects mainly tineigsion from PSII (Lazar 1999).

There are two extreme states of the PSIl reactientec. The minimal
chlorophyll fluorescence intensity, designated gss=measured if the reaction centers
of PSlIs are ,open® (i.e. Qis oxidized). If the fluorescence level is maxini@&l) the
reaction centers are ,closed” (i.ea @ reduced). Thermal inhibition of PSII is refledt
by a decrease in variable portion of Chl fluoresee(r, = Ry-Fo) and the potential

quantum vyield of photochemical reaction of PSIl/fy) associated with the
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photochemical activity of the photosystem (e.g.useand Weis 1991). The decline in
Fv might arise from fincrease and simultaneoug Eecrease (Briantais et al. 1996;
PospisSil et al. 1998; Wen et al. 2005he F/Fy ratio in particular has become an
important parameter which under optimal physiolabmonditions was found to reach
the value of about 0.83 (Bjérkman and Demmig 1987).

Heat injury of the photosynthetic apparatus is @ssed with a pronounced rise
in the intensity of Chl fluorescence under low éxg light (Schreiber & Berry 1977).
The basal fluorescence (fFis physiological parameters that have been shtovn
correlate with heat tolerance (Havaux 1993b; Yaneddd. 1996).

The principle of the §rise consists of several events and it has beanrskthat
the main causes differ from species to species @vanet al. 2000). The main reason
for heat-induced rise ingHs generally considered to be accumulation of ceduQ
resulting from inhibition of electron transport foQx to Qs and associated blocking of
the reaction center of PS Il (Schreiber and Arma@fad8; Cao and Govindjee 1990;
PospiSil and Nau$ 1998; Kiduet al. 2004). The shift in redox potential ofa Q
mentioned above (see Section 1.2.1.2.1.) is prgkhbl cause of the inhibition and the
consequence of this effect is also known as corrers Qs-reducing PS Il centres to
Qg-non-reducing PSII centres (Guenther and Melis 189idkovsky and Naus 1994).
In DCMU-treated leaves, wheres@ displaced from the gpocket of D1 protein in PS
I, the accumulation of g is probably due to thermal inhibition of the Satetof OEC
and Q  (Kouril et al. 2004).

An alternative explanation for the crease after exposure of samples to high
temperatures revolves around the separation of LitGin the PSIl core (Schreiber
and Armond 1978; Yamane et al. 1995; 1997). Howethes interpretation was later
disputed in relation to the decreased absorptiossesection of the fluorescing PSII
core which is detached from its antenna (Pospigildaus 1998; Kail et al. 2004).

The higher back electron transfer fromg” @Kouiil et al. 2004) or from PQ pool
(Bukhov et al. 1990; Sazanov et al. 1998; Yamanalet2000) to @ may also
contribute to the HS-induced kcrease. A later effect, reduction of @rough the PQ
pool in the dark, has been found to be the maiseauspecies such as potato, tobacco
and others (Yamane et al. 2000).

The overwhelming majority of authors have used pbtemperature change for
investigation of heat stress effects. However,dbpendence of fluorescence intensity

on linearly increasing temperature, usually dedigphas the fluorescence temperature
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curve (FTC), has been used for monitoring PSII e (g.g. Schreiber and Berry 1977;
PospiSil and Nau$ 1998; Kuropatwa et al. 1992; Naas 1992a; 1992b; Naus and llik
1997; llik et al. 1995a; 1995b; 2000; 2003; Kbet al. 2004; Lipova et al. 2010).
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Figure 5. Typical course of fluorescence temperature curvEqfof barley leaf with its first (M and
second (M) maximum reached during linear heating (0,5 °C Hif\pproximate positions of the critical
temperature of the main fluorescence increasg &hd intervals of critical temperatures of irregédsle

fluorescence changesdiland Tc,) are marked according to Naus$ and Ilik (1997).

Two characteristic maxima of FTC can usually beimgsished (Fig. 5). The
heat-induced enhancement of fluorescence intensitthe first one (M) is caused
mainly by the above-discussed blockage of electransport from Q to Qs. The
second maximum (b probably originates in highly fluorescing Chl molecules,
which are released from the chlorophyll-containomgtein complexes denaturing at 55—
60 °C (llik et al. 2003).

The temperature of the fluorescence increase tp d&iso designated as the
critical temperature (), has been used as an indicator of the thermhlilistaof the
thylakoid membrane (e.g. Havaux et al. 1988; Taubl.e2000; Ducruet et al. 2007).
Following the high temperature hardening of platits, Tc shifts to higher temperatures
(Smilie and Nott 1979, Havaux 1993b, Lazar and Wi#97). In addition, good
correlations were found betweeg and the temperature of the K peak in the FLR curve
(Fig. 4 curve b) on progressive HS incubation (kazd llik 1997) and betweer: Bnd
the leaf temperature at which the capacity for psytthetic CQ fixation begins to

decline (Seemann et al. 1984).
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1.2.1.2.3. Recovery of the acceptor side of PSI|
1.2.1.2.3.1. Recovery following abrupt temperature changes

As mentioned above, Chl fluorescence is a valuptiee of the photosynthetic
apparatus. There are a number of studies, in wiuchescence parameters were used
(mostly R/Fy or variables characterizing the fluorescence duieg¢ for monitoring
the recovery of PSIlI (Havaux 1993a; Briantais etl@96; Yamane et al. 1997; 1998;
Tsonev et al. 1999; T6th et al. 2005; NishiyamaleR006). The HS-treatment of PSII
results in an increase ing,Fdecrease in Jr and concomitant decrease in variable
fluorescence () accompanied by inhibition of PSII activity. Thaempching of |y has
been reported to be irreversible, while the inemeas kv was partially reversible
(Briantais et al. 1996). Two overlapping phenomg@mnabably contribute to theoF
increase. A moderate and reversible increasepjnb&ginning at 30 °C, which is
probably caused by a partially reversible decremsdhe quantum yield of PSII
photochemistry, and a majory kncrease starting at around 40 °C and probably
originating from an irreversible decrease in comioacof small chlorophyll-protein
complex to the rest of the PSII (Briantais et 80@).

The reversibility of PSII function detected by flescence techniques has also
been monitored together with G@ssimilation parameters (Crafts-Brandner and Law
2000; Sharkey et al. 2001a; Haldimann and Fell®42S&insawat et al. 2004; Kim and
Portis 2005; Zhang and Sharkey 2009). The fluoreseg@arameters mostly recovered
within a relatively short period (up to one howl)dwing incubation for 10 — 30 min at
temperatures of around 40 °C or slightly higher.

In some cases, usually after application of movergeHS, a much longer period
(one day or more) was required for full recovena(ikh et al. 1999; Toth et al. 2005;
Kreslavski 2008; 2009). A model for such recovefyP&ll disrupted by HS has been
suggested (Toth et al. 2005). The process invalleggadation of damaged PSII units
andde novosynthesis of the PSII core. It takes 48 h and&sible only in the light, not
in the dark (Téth et al. 2005). The exposure oftdstr@ssed samples to moderate light
during HS is known to be advantageous for the @yotietic apparatus, especially
PSIl (Havaux et al. 1991; Kreslavski 2009) whileosg light exposure increases the
adverse impacts of HS (e.g. Al-Khatib and Paul€#89]1Kreslavski et al. 2008).

It seems that the low light is also required fazoery in the case thae novo
synthesis to replace damaged proteins does noptake. Nishiyama et al. (2006) have
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observed inactivation of PSIl by moderately higmperatures (41 °C for 20 min),
which was reversed upon transfer of soybean celt& o 25 °C. The reversible heat-
induced inactivation might involve perturbation tife manganese cluster and the
recovery required light, but not the synthesis @obt@ins (mainly D1)de novo
(Nishiyama et al. 2006). This was designated asfitee (reversible) step while the
second step, induced by incubation at a temperafuté °C or higher, was irreversible.
It remains to be determined whether irreversibleciivation by high temperatures is
due to critical damage to the PSIl complex itselfathe repair mechanism (Nishiyama
et al. 2006). However, the samples were monitordg within 100 min and thus the
recovery process described by Téth et al. (2008badnly did not take place. However,
the sequence proposed by Nishiyama et al. (20@6)the first reversible event caused
by changes at the donor side of PSII followed byraaversible step(s), was suggested
earlier by Yamane et al. (1998).

Recently, Kreslavski et al (Kreslavski et al. 20@Xplained the absence of
significant recovery of photosynthetic activity iwheat seedlings after 20-min
incubation at 44 °C due to presumably greater ftionaof reactive oxygen species
with respect to lower stress temperatures, at wthiehrecovery of samples took place.
For this reason, along with the importance of lightprooxidant-antioxidant balance
might play a crucial role in the complete recovefyhe photosynthetic apparatus from

heat-induced inactivation of PSII (Kreslavski et2009).

1.2.1.2.3.2. Recovery following gradual heating

The enhanced dark \Qreduction reflected by increased fluorescencenduri
linear heating of darkened spinach leaves to 4&vé&€ found to be largely reversible
after the leaves were returned to 20 °C (Bukhoale1999). The reversibility of FTC
was also investigated during linear heating folldeg spontaneous cooling (Naus et al.
1986) or under a combined regime of linear heatamgl incubation at a given
temperature (NauS et al. 1992a). The critical teatpees of the fluorescence
temperature curve, &I and T, (Fig. 5), were postulated earlier in the tempemtur
regions 45-48 °C and 53-55 °C, respectively (Nausale 1992a). Lowering the
temperature of the sample after reaching a temperéielow &1 or Tco regions leads
to a partially reversible transition of F to theepeding level (at 30 °C or M
respectively). Irreversible structural changes dfe t photosynthetic apparatus
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corresponding to individual parts of the FTC haeerbrecently identified (see Section
1.1.1.2.1 and Lipové et al. (2010)).

1.2.1.3. Photosystem |

Linear electron transport in the thylakoid membraseenabled through the
consecutive action of both photosystems: PSII a8t (Fig. 1). Photosystem | is a
multisubunit protein complex located in the thylmkanembranes which receives
electrons from plastocyanin and reduces NAD® NADPH through a system of
electron carriers. Excitation energy is transfert@d700, the primary electron donor
and the subsequent charge separation and electnosport lead to the reduction of
ferredoxin. For further information on PSI struetwand function see detailed reviews
by Chitnis (2001), Hihara and Sonoike (2001) antséa et al. (2007).

1.2.1.3.1. PSI function at elevated temperatures

It has been known for some time that PSI funci®more thermostable than
that of PSII (Berry and Bjorkman 1980; Havaux 1993a line with this view, several
other studies have shown that denaturation of BBIponents generally takes place at
higher temperatures than those of PSII (see Settio®.2.1.).

The photosynthetic performance of PSII is redudeslipraoptimal temperatures
(see Section 1.2.1.2.1.). Interestingly howeveg, lédvel of PSI photochemical activity
was reported to increase (at temperatures aroutd 865higher) as measured in terms
of O, uptake (Armond et al. 1978; Gounaris et al. 1988 mas et al. 1986; Mohanty et
al. 1987). These experiments were mostly based @mtaring PSI-mediated ET from
artificial electron donor (2,6-dichlorophenolindagiol) to acceptor (methylviologen).
It has been proposed that the stimulation by HRiesto a conformational change at the
level of the cyt Bf complex resulting in creation of new reducingesidor greater
affinity for the artificial electron donors (Bouahet al. 1990; Thomas et al 1986).
However, the inactivation of PSI-mediated (ptake was later ascribed to decline in
the activity of membrane-bound superoxide dismutases release from the membrane
(Lajk6 et al. 1991; Boucher and Carpentier 1993parh from oxygen uptake
measurements, a higher rate of light-induced P30@aton at temperatures up to 50
°C suggested higher activity of PSI (lvanov andit¢bkova 1990). The increase was
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ascribed to an increase in the PSI absorption -@estson due to heat-induced structural
reorganization of membrane complexes (see Sectib@.1.). Moreover, no stimulation

of PSI activity was observed in the case of thyldkmembranes incubated at 48 °C
with NADP" as terminal electron acceptor (Lajko et al. 199he presupposed absence
of real increase in ET activity was confirmed byas@rement of gradual decline in
energy storage in PSI at temperatures higher tBafC4(Velitchkova and Carpentier

1994).

1.2.1.3.2. Cyclic ET around PSI and itsrolein recovery

Under certain stress conditions, cyclic electransport around PSI can take
place. In this process, the electrons are retufried NADPH (or ferredoxin) back to
the donor side of PSI via plastoquionone, ¢ytamd plastocyanin (see Joliot and Joliot
2006 for a review). This might prevent photoinhdnit of PSII and provide extra ATP
(Fork and Herbert 1993; Joliot and Joliot 2006).

An increase in this electron flow is a frequentyported effect of moderate HS
on photosynthetic reactions (Havaux 1996; Bukhaal.€1999; 2000). The regulation of
cyclic ET around PSI may help plants to toleratghhiemperatures by maintaining
thylakoid proton gradient and it can assist witm-nadiative dissipation of excess
photon energy under the combined effects of hightland HS (Jin et al. 2009). In
addition, the transmembrane proton gradient geeérdly cyclic ET, protects the
thylakoid membrane itself from heat-induced dam@jeang and Sharkey 2009). The
cyclic ET also indirectly facilitates the reparatiof heat-induced damage, because it
supplies enough energy for synthesis of cytoplasahiloroplastic as well as heat shock
proteins through the production of ATP moleculesiiBov et al. 2000). This was
confirmed by observation of a higher rate of cydid@ during recovery from HS
(Kreslavski et al. 2008).

1.2.2. Photosynthetic CO, assimilation

In the first stage of photosynthesis, light-depemdeactions collect the light
energy and generate the energy-storage moleculés &kl NADPH (Fig. 1). These
products are used to capture and reduce carbomddi@ich is converted into organic

compounds during the second photosynthetic stalgis. dark phase of photosynthesis
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(Calvin cycle) takes place in chloroplast stromaibulse-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) is a key enzymeé unsthe Calvin cycle to catalyse
the first major step in carbon fixation (e.g. Blankhip 2002).

1.2.2.1. Effects of high temperature on CO, assimilation

It has been considered for many years that PSleaally its donor side, is the
primary target of high temperature effects (seé¢ pa.1.1.). However, several studies
have suggested that net £&ssimilation rate (p is the most sensitive photosynthetic
process in plants (for review see Salvucci and t€iafandner 2004a). The PSII
function, as measured by some basic chlorophytirélscence parametersy,(FRy or
maximal quantum vyield of PSII photochemistry/f,), appears to be more stable
towards moderately elevated temperatures thap &Similation (Feller et al. 1998;
Crafts-Brandner and Law 2000; Crafts-Brandner aaldugci 2002; Tang et al. 2007).
Although the CQ assimilation rate can be limited by the electmams$port rate in PSII
(Wise et al. 2004) or by the cellular content dfriexsic proteins in OEC (Heckathorn et
al. 1997), the inhibition of Rubisco activity isuadly considered as a basis for the lower
Pn at moderately elevated temperatures (Weis 1984w, and Crafts-Brandner 1999;
Kim and Portis 2005). It is not the activity of Rsto per sebut the light-dependent
Rubisco activation that is particularly sensitioeHS (Weis 1981b; Feller et al. 1998).

In general, the activation state of Rubisco is l&ga by another stromal
enzyme called Rubisco activase (see Portis 2003 daiew). Thus, the reason for
Rubisco inhibition can be presumed to be due dyrect loss of Rubisco activase
activity. This premise has been proven in sevetraliss (Feller et al. 1998; Law and
Crafts-Brandner 1999; Crafts-Brandner and Law 20D@&fts-Brandner and Salvucci
2002; 2004; Salvucci and Crafts-Brandner 2004b).ikstance, the activation state of
Rubisco decreased at temperatures exceeding 32v@titnearly complete inactivation
at 45 °C (Crafts-Brandner and Salvucci 2002). Téresivity of activase to HS is much
greater than that of Rubisco (Salvucci et. al 201id varies in different plant species
(Law and Crafts-Brandner 1999). The inhibition ofigase can be attributed to changes
in its structural properties, i.e. to formationrofh-molecular-weight aggregates (Feller
et al. 1998), or to disruption of activase subuniéractions with each other or with

Rubisco (Crafts-Brandner and Law 2000). Reversasigociation of a specific protein
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(chaperonin-6@) with Rubisco activase might protect it from thatrdenaturation and
thus contribute to plant tolerance to HS (Salv2€8).

In addition to these findings, it has been alsogssted that decline in GO
assimilation rate is caused by limitation of Rilmdel,5-bisphosphate regeneration,
rather than Rubisco activase inhibition (Cen andeS2005; Kubien and Sage 2008;
Sage et al. 2008). Thus, the process of photossisthemitation at elevated
temperatures is still a subject of discussion. Mwveg, photorespiration, an alternative
Rubisco reaction , is increased at temperatureseghcg the optimum for assimilation
due to relatively higher concentration of oxygerretation to carbon dioxide at higher
temperatures (Blankenship 2002) and this also léadsoncomitant decrease in the
efficiency of CQ assimilation.

The rate of photosynthesis \jPat higher temperatures depends on ambient
atmospheric concentration of GQTaub et al. 2000; Wang et al. 2008). Taub et al.
(2000) presented evidence that most tested spgm@m under elevated atmospheric
CO, (550-1000pmol mol') showed increased tolerance of photosynthesisSoTHie
thermotolerance of\Punder elevated CQs increased in C3 plants, but decreased in C4
plants (Wang et al. 2008). These results, alonj soime other studies, indicate that the

reaction of R under HS conditions depends especially on the glaecies.

1.2.2.2. Recovery of CO, assimilation

In spite of its susceptibility to high temperatyrde CQ assimilation process is
quite capable of recovery from HS-induced chany#eig¢ 1981a; Heckathorn et al.
1997; Feller et al. 1998; Crafts-Brandner and La@0® Sharkey et al. 2001a;
Haldimann and Feller 2004; Kim and Portis 2005)hfeshold condition for recovery
of the activation state of Rubisco is generally sidered the maintainance of leaf
temperature around 40 °C for several minutes ooumalf an hour (Feller et al. 1998;
Crafts-Brandner and Law 2000; Haldimann and Fe@d4; Kim and Portis 2005).
However, it is very difficult to compare the resultom these studies because of the use
various plant species (oak, tobacco, cotton andatytend different stress regimes (T-
jump - e.g. Sharkey et al. 2001a; gradual temperanhcrease - Kim and Portis 2005;
combined — Haldimann and Feller 2004). The revégsiecarbamylation of Rubisco at
moderately high temperatures might be a proteatnszhanism by which the plant

avoids more serious damage to Rubisco and theofe$te photosynthetic apparatus
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(Sharkey et al. 2001a). Kim and Portis (2005) catetl that Rubisco activase is critical
for recovery after inhibition of photosynthesis lxposure to high temperatures.
Finally, physical denaturation of activase has beleserved at temperatures above 40
°C that cause irreversible inactivation of Rubig€eller et al. 1998). Interestingly, full
post-heat stress (45 °C) recovery @f IR maize coincided with recovery of levels of
OEC proteins (Heckathorn et al. 1997) indicatingt tbarbon fixation recovery can be
limited by HS-induced decrease in these proteifse Tecoverability of @ can be
improved by isoprene (Sharkey et al. 2001b). Thetgdynthesis of bean leaves fed
fosmidomycin (which eliminates isoprene emissiortovered less, following HS
treatment (2 min at 46 °C) than in the case ofrobitaves or fosmidomycin-fed leaves

in air supplemented by isoprene (Sharkey et al1BD0

26



Goals of the thesis

2. GOALSOF THE THESIS

The main goal of this thesis was to increase ouwlerstanding of some aspects
of thermal damage in plants in relation to varibeat stress regimes. A secondary aim
was study of the recoverability of plants to thét®-induced changes. Two separate

projects were undertaken:

1) The aim of the first project was to charactetize HS-related changes in the
chlorophyll fluorescence signal and its reversipiin barley leaves exposed to a
linearly increasing and decreasing temperature wifferent heating/cooling

rates
2) The aim of the second project was to uncoverrésponse of light-induced

chloroplast movement in tobacco leaves to lineat tamperature-jump heat

stress
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3. EXPERIMENTAL PART

3.1. IRREVERSIBILITY OF HEAT STRESS-INDUCED CHANGESDETECTED BY THE

CHLOROPHYLL FLUORESCENCE IN LINEARLY-HEATED BARLEY LEAVES

The relation of the chlorophyll fluorescence intgngo linearly increasing
temperature is usually depicted as the fluoresctamoperature curve (FTC). The curve
presents a record of the continual response ofpthet photosynthetic apparatus to
gradual heating and it reflects many structuralel as functional changes.

Recoverability from heat injury is very importamwi folants. The reversibility of
the FTC was investigated during linear heatingofeétd by spontaneous cooling (Naus
et al. 1986) or under a combined regime of lineeating and incubation at given
temperatures (Naus et al. 1992a). Other experihem¢éghods have also helped to
characterize some irreversible changes causedégriheating (Lipova et al. 2010).

Here, we revealed the basic features of the H3eakleecovery of barley leaves
using four linear heating/cooling regimes with difint heating rates. In order to carry
out a detailed analysis of measured FTCs, fiveeslopf linear parts of each FTC,
degree of fluorescence irreversibility at 35 °C addivation energies of the initial
fluorescence irreversible increase were evaluat@te results are described and

discussed in more detail in the attached paper [l].

3.1.1. Material and methods

Barley plants lordeum vulgard.., cv. Akcent) were cultivated in a homemade
growth chamber for 9 d in a 16 h / 8 h light/daekime (85 + 2Qumol photons if s*
of white fluorescent light, relative humidity 5010 %) in artificial soil composed of
perlit and Knop solution at 22 + 3 °C. The plarggd for measurements were in growth
stage 12 according to Zadox (Zadox et al. 1974).

Chlorophyll fluorescence intensity was measured witfluorimeter PAM 2000
(Walz, Effeltrich, Germany) excited by weak rechlig655 nm, 0.3imol photons rif s

1) and detected at wavelengths higher than 700 nm.
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Heating device and linear heating

A laboratory-made heating device was used for tampde heating. The
segments placed on a holder were immersed in eedtulistilled water-bath. The
heating/cooling of the water bath used Peltierscelhe temperature of the bath was
determined by a thermocouple and the regime wasatmd by an application written
in LabView 3.1 (National Instruments, Austin, Texaghe leaf segments were
immersed in distilled water and heated at 0.5, d;, 2 °C min' from room temperature

up to the maximal temperaturg @nd then cooled at the same rate to 35 °C.

The FTC regression lines and E; calculation

For detailed evaluation of the FTC, we establisfied tangents (S1 - S5) of
some linear parts of the up/down linear FTC (Fig.The temperature range for these
lines was established so as to reach a minimahtiexi between fluorescence intensity
and the corresponding regression line. The firssi@ghated S1) and second (S2) tangent
is defined in the temperature range from 46 °C 8°€ and from 51 °C to .,
respectively. The S3 line was discernible only Tar above 54 °C. The temperature
range for the S3, S4 and S5 tangents was estatlegh#l—-48 °C, 48—42 °C and 42-35
°C, respectively. The slopes of tangents of thedinFTCs parts were estimated for

these temperature ranges by a linear regressiaeguoe using Microsoft Excel 2000.
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Figure 6. A schematic illustration of tangents (S1 - S5}hef linear parts of the up/down linear FTC.
The temperature ranges of the tangents are 4641, 51 °C—} (S2) during heating and 54-48 °C
(S3), 48-42 °C (S4) and 42-35 °C (S5) during subsstgcooling. The arrows indicate heating (to the
right) and cooling (to the left) time-course. Thesjtion of the first FTC maximum reached during

heating (M) and cooling (M) are marked.
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3.1.2. Results and discussion

Coefficient of irreversibility and critical temperatures

In order to investigate the recovery of FTC, thddyasegments were heated in a
water-bath from room temperature up to maximal temrafure T, (chosen range from
42 °C to 65 °) and then linearly cooled to 35 °Glet same rate. Typical curves for
linear heating (right-hand arrow)/cooling (left-lbarmrrow) of the samples for all
measured rates (0.5, 1, 2 and 3 °C Hiand for T, = 60 °C are shown in Fig. 7. This
illustrates that the FTC course depends on therweedte and maximal temperature of
heating (T).

The recoverability of chlorophyll fluorescence aftee heating/cooling cycle
was determined using the coefficiept representing the degree of fluorescence
irreversibility at 35 °C (i.e. ratio of fluorescenmtensity at 35 °C after cooling and the
fluorescence intensity at the same temperaturengltreating of the sample). The
versus T, dependences (Fig. 8) showed two distinct phases,jnareasing and
decreasing one, indicate the two main processethenirreversible changes. The
decrease iq values during the decreasing phases (Fig. 8ktmitial values thus does
not mean a fully reversible reaction but graduarujtion to fully irreversible state
(Fig. 7a).

The reversibility was higher, as can be expectadhigher heating/cooling rates
and lower T,. The initial phase with values gfgreater than 1 increases and reaches a
maximum at temperatures between 54 °C and 61 t€lation to heating rate (Fig. 8).
This increase inu in all probability reflects an increase in the ren of irreversibly
closed (blocked) PSII centers. Interestingly, fivit phase does not reflect the original
FTC (Fig. 7). The dependence pfon T, increases smoothly with no maximum
corresponding to the Mmaximum (around 50 °C). The reverse part of FTQ also

reach a maximum (designated ag NFig. 7) that partly copies the original curve.
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Figure 7. Typical courses of the up-down linear FTC repréisgnthe changes in the measuregliével
of a spring barley leaf segment for all measureating/cooling rates. The maximal temperature of
heating (T, was 60 °C. The curves are normalized to the #soence intensity at 25 °C. The arrows
indicate heating (to the right) and cooling (to tleét) temperature-course. The positions of thst famd
second FTC maxima reached during heating @vid M) and the maximum reached during cooling

(My") are marked.

A fully reversible response of barley leaves Chlofescence = 1) was
observed for |, = 42—43 °C. The critical temperatures of the fasmence temperature
curve, 1 and Teo, were postulated earlier in the temperature regitsi48 °C and 53-
55 °C, respectively (Naus et al. 1992a). Lowering temperature of the sample after
reaching a temperature below;Tor Tc, regions led to a partially reversible transition
of F to the preceding level (see Section 1.2.1).2R.starting point of the steeper
increase inu (see Fig. 8, arrows) and the regionudfFig. 8) maximum could present a
similar triggering region to d; and T, respectively. The particular critical temperature
occurred within temperature regions 43-48 °G,(nd 54—-60 °C (d2) depending on

the heating rate.
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Figure 8. The dependence of the fluorescence coefficieintesersibility at 35 °C f) on the maximal

temperature of heating {J for different heating/cooling rates. The arrows icate an approximate

starting point of a steeper increase (i. e. 10%nwre). The means of 3 experiments and the variation

interval are shown.

Tangents

A detailed characterization of the course of thelawn linear FTC can be made
by a set of 5 linear parts (Fig. 6) and the slageabeir corresponding tangents (Fig. 9).
The slopes of the S1 and S2 tangents, describenbehting part (to the Mmaximum),
were only changed slightly in our measurements @rawn). The S3, S4 and S5
tangents describe the fluorescence course durimgdirtbar cooling from J to 35 °C

(Fig. 6). The temperaturenlthat triggered a maximal fluorescence increasengiuhe
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first phase of cooling is represented by the mimmaf the S3 tangent slope. An
increase in the heating rate from 0.5 to 3 °Ched to a shift of this minimum from
Tm =55 °C to 60 °C higher temperatures (Fig. 9).ikirty, the minima of S4 occurred
at temperatures (=54 °C, 56 °C, 60 °C and 61 °C for the heatirig td 0.5, 1, 2 and

3 °C min?, respectively) reaching negative values. The dépecies of S5, reflecting
the last phase of FTC cooling, had lower amplitusigssimilar courses as in the case of
S4.
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Figure 9. The dependence of slopes of tangents (S3, S&n3Bg maximal temperature of heatingXT
for each measured heating/cooling rate. The medn8 experiments and the variation interval are
shown. The arrows indicate a change of sign ofvemislope from positive to negative. Evaluated from

the up/down linear FTCs of spring barley leaf segme

The slopes of the S4 and S5 tangents usually chitaegresign with increasing
Tm (see Fig. 9, arrows). The maximum in the reverm pf the curve (M) can be

detected in the region of,lwhere the slope S3 is negative and S4 positivis. @dn be

33



Doctoral thesis, Jifi Frolec

found between 54 and 59 °C but only for highergaitheating/cooling (2 and 3 °C
min™, Fig. 9).

A very relevant indication for the recovery threlshof PSII reflected by the
FTC curve seems to be the change in sign fromipedid negative of the slope of the
S4 tangent (Fig. 9, arrows). These points occunetdieen 52 and 59 °C depending on
the heating/cooling rate. Fop, below these temperatures, the changes in the saargpl
partly reversible. After this point, the signs b&tS3 and S4 slopes are the same and the

cooling part of FTC shows an increasing trend evith no maximum.

Activation energies

In order to better characterize the irreversiblecpsses during our heating
regimes, we attempted to calculate the activatioergies (B) necessary for the
fluorescence irreversibility increase. The initratreasing part of thg(Ty,) curve (up to
Tm =52, 54, 58 and 58 °C for the heating rate 0.2,dnd 3 °C mif, respectively) was
used for such an evaluation. Since each of thelgesgasons for increase jinmay be
in principle characterized as a denaturation ofsé®ll transforming them from the
fully functional state to an adversely changed owe, applied a simple protein-
denaturation model to calculate thg. HEn the model, the proteins are irreversibly
transformed from a native to a denatured state wittemperature-dependent rate
constant (see e.g. Bischof and He 2005), which ggmamvith temperature according to
the Arrhenius or Eyring equation. In this modelguantity designated as fraction of
denatured proteins {F needs to be estimated. We predicted that thetidracof
denaturated centers was either proportional to unedsexcess ofu (Fy41) or to
fluorescence irreversibility derived from thg/F, parameter (k). Thus, we obtained
four options for the evaluation ofy;Ehe quantities § and F, were calculated using
both possible (Arrhenius as well as Eyring) tempeea dependences of the rate
constant.

For each of these options were numerically evatLaite activation energies
separately for each heating rate (Tab. 1). Foderdiiit approaches led to values ranging
from 30 to 50 kJ mdl (Tab. 1). These values decreased slightly withiriceeasing
heating rate and they are similar to those of emtymmembrane processes and,
indicate rather some minor structural changes iml. F®r denaturation, a higher

activation energy is needed (Bischof and He 2005).
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Table 1. Calculated activation energies of the fluorescem®versible increase. For each combination
of the model and heating rate, the obtained adtivaénergy (kJ mdj (left columns) and corresponding

sum of least squares (right columns) are shown.

Method Heating rate (°C mif)

0.5 1.0 2.0 3.0
Arrhenius dependenc€ ;) 49.8 0.032 48.7 0.008 48.2 0.044 47.7 0.075
Eyring dependencé-(;) 47.0 0.032 45.9 0.007 45.4 0.044 44,9 0.075
Arrhenius dependenc€ (,) 31.2 0.005 30.2 0.001 29.5 0.006 29.1 0.011
Eyring dependencé-(,) 41.1 0.005 40.2 0.001 39.6 0.007 39.1 0.011

The best fit was obtained with an assumption ofialg PSII at the acceptor side
characterized by the tendency of fluorescencedmease up to theyHevel (R, option,
Tab. 1). Therefore the most probable mechanisrhepfttitial irreversible changes is the
closure of certain PSII reaction centers (i.e.@beumulation of @), which is probably

connected with disintegration of OEC as the mostaptible part of PSII.
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3.2. IMPACT OF TWO DIFFERENT TYPES OF HEAT STRESSON CHLOROPLAST

MOVEMENT IN TOBACCO LEAVES

The spatial arrangement of chloroplasts in thetpiaf can change as a response to
light intensity. The translocation towards weakljluminated leaf parts (the
accumulation response drastroph@ and away from strongly illuminated regions (the
avoidance respongearastrophg@ may optimise the photosynthetic performance in a
given plant protecting the chloroplasts from exdegd (Kasahara et al. 2002).

Despite the fact that high temperatures are a camgneironmental factor, little
is known about the chloroplast movement under H&litimns. Thus, the goal of this
study was to characterize precisely how HS affébes light-induced motility of
chloroplasts as detected by measurements of lighteed courses of collimated
transmittance (CT). Using distinct heating reginflé@sear and T-jump) allowed us to
examine their impactin addition, the fast chlorophyll fluorescence rigd.R) was
measured on the stressed leaves to monitor thdaidanof PSIl. Since chlorophyll
fluorescence has been shown to be dependent oropladst movement (Brugnoli and
Bjorkman 1992), the reactions of chlorophyll fluecence and leaf transmittance
measurements to elevated temperatures were com@aedell. The results are

described and discussed in more detail in thelegthpaper [l1].

3.2.1. Material and methods

Plant material

Tobacco plantsNicotiana tabacuni. cv. Samsun) were cultivated in regularly
watered soil substrate in pots in a growth cham{®GC.170.PFX.J, Weiss-
Gallenkamp, Loughborough, England) for 2.5 - 3.5the in a regime consisting of 8 h
dark (temperature 21 °C, relative humidity 55 %@, light (24 °C, 60 %, 10Qmol
(photons) m’s* of photosynthetically active radiation (PAR)) wi8® min of linear

light-rise (dawn) and 30 min light-decrease (sunset

Sample handling
The third leaves counted from the apex taken fremdifferent plants were used
for five independent measurements under the T-juegpne and five under linear HS.

Seven segments (for seven differeg) ©f dimensions 0.9 x 2.0 cm (in the case of T-
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jump regime) or 0.9 x 1.5 cm (linear regime) weue aff from each leaf and used for
the measurements. Before HS treatment each leafesggwvas put into a mask with
central opening made from filter paper moisteneth wiater (to reduce the water loss
of the segment) and illuminated for 15 min [at 22 RH: 24%, 20umol (photons)
m s} to insure theyarastrophechloroplast position, then packed into aluminun. foi
The foil insured the heat transport and prevemétration of the segment by the water
from the bath. The samples (packed leaf segmemd¢rwent one of two different
regimes of HS before the FLR and time-course ditligduced changes in CT were
measured:

1) Linear regime: a laboratory-made heating ded&scribed in Frolec et.g008)
was used for this HS regime. The samples were iisedein distilled water and
heated at 2 °C mih from room temperature (25 °C) up to the maximal
temperature J (25, 30, 35, 38, 40, 42 or 45 °C) and then coalethe same rate
to the final temperature (25 °C).

2) T-jump regime: 5 min treatment of sample in idet water at 25 °C was
followed by 5 min incubation at I (25, 30, 35, 38, 40, 42 or 45 °C) in
thermostat U10 (Prufgerate-Werk Medingen, Dres@sermany) and 5 min at
25 °C in thermostat (Transsonic T460/H, Elma, Smdg&ermany). The transfer

of a sample to the bath took about 1 s (the “jump”)

Experimental methods and parameters calculations

Fluorescence induction curves were measured framathaxial leaf side by
fluorometers PEA (Hansatech Instruments, King'sn,yigngland) or FluorPen FP100
(PSI, Brno, Czech Republic). The irradiance wasua8600umol (photons) rifs * of
red light (peak wavelength 650 nm) for PEA and 306! (photons) s of blue
light (455 nm) for FluorPen (a test showed thatRh& curves from a control leaf and
measured by both fluorometers were the same wigxiperimental error; data not
shown). The signal was detected at wavelengthsehigtan 700 nm. The fluorescence
parameters used here were calculated from thewfmitp equations (based on the JIP-
test; see Strasser et al. 2004)=Rluorescence intensity at 38, R/Fp= (Fp - Fy) / B,
Mo =4(Fsoops - Fo) / (Fe- Fo), Vo= (F-FR) / (Fe-Fy), Vi=(R-R) / (Fp- Ry), Su= area
(between fluorescence curve andl H{F-- Fo) in the case of linear time scale.

Light-induced chloroplast movement was detectechgudeaf transmittance
measurement, similar to that described in Naug. €2@08). To induce the chloroplast
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movement, the samples were illuminated from thexiatldeaf side by a blue light
(using Schott BG 12 filter) with two different imtsities. The leaf segment was
illuminated for 25 min with strong blue light [380nol (photons) ¥ s%] to cause the
chloroplast movement in the direction to the amtadlcell walls and for the next 35 min
by a weak blue light [sumol (photons) rif s ] which caused a back movement
characterized by a decrease in leaf transmittaflee.source of cold white light was
Schott KL 2500 (Schott Glas, Mainz, Germany). Tias$mitted light was conducted
by a light-guide to the spectroradiometer LI-18Q0GOR, Lincoln, Nebraska). The
transmittance signal was measured at 436 nm eEs; 3o obtain a particular value,
the signal obtained with the leaf was divided bg thignal detected in the same
arrangement without the leaf.

From the light-induced time courses of the collietattransmittance were

evaluated the normalized amplitudes,(H,) and the slopes (SS) of the CT curves.

Statistical analysis

Data sets withP < 0.05 were regarded significantly different. Statal software
SigmaStat (Systat, Chicago, USA) version 3.0 wasdufor the testing. Each
measurement (fluorescence inductions, transmittaneasurements) was performed
five times (n = 5). The statistically significaniffdrence for the given parameter was

evaluated for particular,Jwith respect to the preceding,.T

3.2.2. Results and discussion

Linear HS

Most measured FLR curves showed the characteskaipe with O, J, | and P
steps. The changes in fluorescence signal detexfted the linear regime started at
about T, = 42 °C (Fig. 10a). The character of all measure®R curves and their
responses to HS (i.e. gradual decrease of FLRsityeat J, I, and P steps reflecting
gradual loss of photochemistry) correspond witrepttesults (e. g. Guissé et al. 1995;
Lazar et al. 1997; 1999; Téth et al. 2005; 200#ilarly, decline in the time-course of
CT curves of the linearly heated samples was obsdeat the highest useg, E 42 °C
and 45 °C (Fig. 10b).
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Figure 10. Average (n = 5) FLR4&) and Figure 11. Average (n = 5) FLR&) and
time-course of CThj curves of tobacco leaf  time-course of CTbj curves of tobacco leaf
segments measured at 25 °C after linear HS segments measured at 25 °C after T-jump
regime (2 °C min up to given maximal HS regime (5 min incubation at given, T
temperature 1} and cooled at the same rate followed by 5 min incubation at 25 °C). The
to 25 °C). The illumination during each CT illumination during each CT measurement
measurementbf was changed after 25 min  (b) was changed after 25 min from 380 to 5

from 380 to Sumol (photons) M s* umol (photons) rs*

In order to estimate the effect of HS regime ondheples more accurately, we
evaluated and compared several fluorescence amdgniitance parameters. From
standard JIP-test (for review see Strasser et(fl4)2we chose 6 “basic” parameters
derived from the FLR curves (Fig. 10a and 11a): mmeimal fluorescence at the
beginning of FLR (F), maximal quantum vyield of PSIl photochemistry/ffp),
approximation of the slope of the initial part dfdrescence rise (W relative variable
fluorescence at 2 ms g/ at 30 ms (Y and the normalized areay(Sabove the FLR
curve. From the measured CT curves (Fig. 10b am) wg introduced the normalized
parameters of the maximal collimated transmittgit;e and slopes of the linear section
of the time-courseq) for the increasing part and analogically and S for the

decreasing part of CT curves.
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Figure 12. Chl fluorescence and leaf CT Figure 13. Chl fluorescence and leaf CT
parameters calculated from the FLR and CT parameters calculated from the FLR and CT
curves measured at 25 °C after linear HS curves measured at 25 °C after T-jump regime
regime (2 °C mifi up to given T and cooled at (5 min incubation at givenyffollowed by 5 min
the same rate to 25 °C). The values are mean incubation at 25 °C). The values are mes8D

SD of five independent experiments. of five independent experiments. Statistically
Statistically significant differences between significant differences between neighboring
neighboring means (P < 0.05) are presented by means (P < 0.05) are presented by asterisks
asterisks

Parameters defined in this way reflect the ampdit({dy and H) and rate (Sand ) of
chloroplast translocation. Statistically signifitamanges in parameters measured using
linear regime mostly occurred for, E 45 °C (Fig. 12).

T-jump HS
The first pronounced changes in the shape andeffgence intensity of the FLR
curve measured after T-jump regime were detecte@iyat 42 °C (Fig. 11a). The
decline in the extent of CT signal started at abyt= 40 °C and the changes in CT
curves during the illumination were almost fullyibited at T, = 45 °C (Fig. 11b).
Fluorescence parameters of curves measured ajteng-HS changed mostly at
45 °C while transmittance changes occurred in miberval T, = 40 — 45 °C (Fig. 13).
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Although the statistically significant differences transmittance parameters were
largely observed for ;I higher than 40 °C, there was a tendency to reahma of the
transmittance parameters after incubation f@r=135 °C (Fig. 13) corresponding with
the original CT curves (Fig. 11b). This maximumigades that a T-jump incubation for

5 min at T, = 35 °C was optimal for chloroplast movement.

Comparison of FLR and CT under both regimes

Our measurement of CT and FLR curves revealedhleathloroplast movement
IS more sensitive to higher temperatures than pt®tochemistry for our regimes (see
all statistically significant changes in calculatpdrameters in Figs. 12 and 13).
Interestingly, these differences in sensitivity &v@nly slightly greater after linear HS
(compare the reaction & and$S, with FLR parameters at,J= 42 and 45 °C irig.
12) in contrast to much greater in the case ofriguegime (compare the reaction of
CT parameters with FLR parameters fgr340, 42 and 45 °C iRig. 13).

The question, however, was whether the regimesstneds temperatures used,
would occur under field conditionAdditional pilot experiments under field conditions
showed that tobacco leaves can reach temperattoesda45 °C in the sunshine and
that the temperature rise after exposure of theiseapproximately linear and more

rapid than slow leaf cooling induced by transfethaf sample back into the shadow.

Impaired chloroplast movement and its possible physiological role

The shape of CT curves in Fig. 10b and 11b refldtis chloroplast
translocation. The increase in CT signal after bogstrong blue light is caused by the
avoidance response resulting in increased traramoit through the cell¥ice versa
dim light induced accumulation of chloroplasts elds illuminated cell walls resulting
in a decrease in light transmittance. All CT tineexse parameters, the amplitude (H
and H) and rates (Sand $) of chloroplast translocation, began to declinakadut T, =
40 °C (Figs. 12 and 13). The decrease reflects ugtathhibition of chloroplast
translocation for both avoidance () as well as accumulation response, (8).

As the plant cytoskeleton plays a crucial role hoooplast movement (for
review see Takagi 2003), we tentatively proposet ttyoskeleton changes are
responsible for the inhibition of chloroplast mowarh at higher F. This is in
accordance with observation of disruption of mighatles and actin filaments exposed

to similar HS conditions (Muller et al. 2007). Otheasons too, for the inhibition of
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chloroplast movement are possible, e.g. inhibidrsignal transduction mediated by
phototropins or impaired linkage between chloragland actin filaments (Oikawa et
al. 2008; Kadota et al. 2009).

One of the most accepted physiological functionshdbroplast movement is to
avoid excess light (Park et al. 1996; Kasahard.e20€2). Strong light under natural
conditions is often accompanied by elevated tentpeya that can result in decreased
light-induced chloroplast movement. The HS-inducethibition of chloroplast
translocation in strongly illuminated regions oktkirst layer of the mesophyll cells
prevents the chloroplast movement in the direcbbithe sidewalls of the cell under
strong light. We tentatively propose that such H&uced interception of greater
amounts of light at the illuminated surface cellsttér protects the remaining

chloroplasts inside the leaf from excess light.
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4. CONCLUSION

The focus of this thesis was the effects of HShenghotosynthetic apparatus of
plants and study of the reversibility of the reanttHS induced changes. The use of a
variety of heating regimes and comparison of timpact was given careful attention.
The response of the photosynthetic apparatus wasitoned using chlorophyll
fluorescence techniques in particular.

In the first paper, we focused on characterizatodnthe effects of linear
heating/cooling regimes, an unexplored approacthénfield of heat stress research.
Considering the initial signal, a fully reversibslssponse of PSII function as reflected by
the reversibility of chlorophyll fluorescence, walsserved for a maximal temperature
(Tm) of linear heating up to 42 °C. The evaluationtasfgents revealed that the reaction
of the samples was leastwise partly reversibleoupaximal temperatures ranging from
52 (in the case of heating rate 0.5 °C Hito 59 °C (3 °C mit). Further evaluation of
initial irreversible changes in fluorescence ledatoestimation of the activation energy
needed for this process (on average 41 kJ%rehd reflecting some minor structural
changes in PSIl. The assumptions used for thee\&luation suggested that the
irreversible changes are caused by closure of ineR&Ill reaction centers (i.e. the
accumulation of @), which is considered the main reason for fluceese increase in
heated samples (see Section 1.2.1.2.).

The second paper deals with the impact of distieeting regimes, linear and T-
jump, on the light-induced movement of tobacco ahtasts. While a 5-min incubation
at 35 °C presented optimal conditions for the ti@aion, the inhibition of chloroplast
movement began after incubation at about 40 °Cnaasdalmost complete at 45 °C. The
fluorescence parameters from the O-J-I-P curvesasored in the same samples,
responded generally at highef,.TThis difference in sensitivity was higher for the
abrupt than for the gradual HS. Although chloroplaanslocation can affect the
fluorescence signal under normal conditions, tresponses to HS seem to be different,
according to our results. The observed inhibitibhght-induced chloroplast movement
is probably due to cytoskeleton disruption and suggested that this impairment might
contribute to protection of the majority of chlolagts inside the leaf from
photoinhibitory damage. The measurement of changesollimated transmittance

showed that the light-induced chloroplast movemesmdffected under relatively mild
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HS. For this reason, we suggest this may be atsensidicator of the adverse effects
of elevated temperatures.

This thesis shows the importance of various heatEgjmes as the plant
response to heat shock is strongly influenced bykihd and severity of the HS. It is
not surprising that slow temperature increase cauggeater irreversibility of some
physiological parameters than faster heating tostiree stress temperature (Fig. 7) as
the slower temperature increase presents a loxgeasare to higher temperatures and
thus greater risk of plant damage. On the othedhaome of the results, namely the
slight decrease in Ewith the increasing rate of heating as well asldveer adverse
impact of linear heating with respect to T-jump,pgort the view that gradual
temperature increase is more tolerable to plaats thpid temperature increase.

This very rapid acclimation process is activatedhirelatively short period of
time and thus it takes place during the actiorhefHS itself:This might consist in the
protective effect of some heat shock proteins, whgysthesis is greater under gradual
temperature increase (Ginzburg and Salomon 1986vaHb 1991). Similar results
were obtained in the case of net L&¥similation rate measurement (Law and Crafts-
Brandner 1999; Crafts-Brandner and Salvucci 2002ing that this feature may be
common to various plant levels.

Leaf temperatures in the field often change tenmdgrand very rapidly and this
could be simulated by T-jump regime under more rodled laboratory conditions.
However, the main temperature changes, which tékeeuring the diurnal cycle or
within sun-shade alternations, are rather gradndlthus progressive heating regimes

would be more appropriate for reflecting the ndtacaditions.
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