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Abstract

Leaf senescence is an important physiological process of higher plants and often regarded as the final
stage of leaf development. It is highly organised process during which proteins are degraded and
nutrients recycled and mobilized to seeds, storage organs or new vegetative growth. Leaf senescence is
particularly important for cereal plants. Cereal plants that have late onset and slower rate of leaf
senescence have been proven to increase yield. On the other hand, premature senescence induced by
stress results in reduced yield and quality in crops. Furthermore, plant senescence can have negative
effects on post-harvest storage. For this reason, better understanding of senescence process can have
beneficial effects on productivity and quality of grain and the storage life of the harvested tissues. In
this thesis I investigated changes in reactive oxygen species level and membrane fluidity (MF) during

barley leaf senescence.

Physical properties of thylakoid membranes isolated from barley were investigated by the electron
paramagnetic resonance (EPR) spin labeling technique. EPR spectra of stearic acid spin labels 5-SASL
and 16-SASL were measured as a function of temperature in secondary barley leaves during natural
and dark-induced senescence. Oxygen transport parameter was determined from the power saturation
curves of the spin labels obtained in the presence and absence of molecular oxygen at 25 °C.
Parameters of EPR spectra of both spin labels showed an increase in the thylakoid membrane fluidity
during senescence, in the headgroup area of the membrane, as well as in its interior. The oxygen
transport parameter also increased with age of barley, indicating easier diffusion of oxygen within the
membrane and its higher fluidity. The data are consistent with age-related changes of the spin label
parameters obtained directly by EPR spectroscopy. Changes in the membrane fluidity of barley
secondary leaves were compared with changes in the levels of carotenoids, proteins and
polyisoprenoid alcohols (PA) which are known to modify membrane fluidity. Determination of total
carotenoids and proteins showed linear decrease in their level with senescence, while the level of PA
increased. The results indicate that thylakoid membrane fluidity of barley leaves increases with
senescence; the changes are accompanied with a decrease in the content of carotenoids and proteins,
and increase in the level of PA which could be a contributing factor. Fluidization of the membrane,
allows for better penetration of the oxygen inside the membrane, which can lead to increase in the
production of ROS. Production of ROS could be further facilitated by a decrease in the activity of
xanthophyll cycle. It was shown that access of violaxanthin de-epoxidase to its substrate, violaxanthin,
depends on MF. Since carotenoids (car) of the xanthophyll cycle protect plants against excess of light

and oxidative stress, a decrease in activity of the cycle may lead to oxidative damage to the thylakoid



membrane and an increase of ROS production. Indeed, the production of ROS started to increase
together with observed fluidization of the membrane from 22 to 29 day after sowing (DAS).
Thereafter, production of ROS started to decline till 35 DAS. Finally, on the last day of the
measurement, 39 DAS, senescence is entering the last phase; chl is at 25 % of its initial value, level of
lipid peroxidation products reaches the highest value and H,O; increases again which contributes to

the final degradation of the cell structure.
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Streszczenie

Starzenie si¢ lisci u roslin wyzszych jest waznym procesem fizjologicznym i koncowym etapem ich
rozwoju. Jest to wysoce zorganizowany proces, podczas ktorego biatka tkanek liscia sg degradowane,
a skladniki odzywcze odzyskiwane i kierowane do nasion, organéw magazynujacych lub
wykorzystywane do wzrostu wegetatywnego. Starzenie si¢ liSci jest szczeg6lnie wazne dla roslin
zbozowych, u ktérych w przypadku opdznienia i zwolnienia tempa starzenia udowodniono zwigkszong
wydajno$¢ plondéw. Z drugiej strony przedwczesne starzenie wywolane stresem prowadzi do
obnizenia wydajnosci i jako$ci plonéw. Starzenie si¢ roslin moze ponadto mie¢ negatywny wpltyw na
przechowywanie plonow po zbiorach. Z tych powodow, lepsze zrozumienie procesu starzenia moze
mie¢ korzystny wplyw na produktywnos¢ i1 jakos$¢ ziarna oraz na przechowywanie plonéw. Glownym
tematem niniejszej pracy doktorskiej byto badanie zmian poziomiu reaktywnych form tlenu (RFT) i

ptynnosci bton podczas starzenia si¢ lisci jeczmienia.

Wiasciwosci fizyczne bton tylakoidow izolowanych z lisci jeczmienia badano przy pomocy techniki
elektronowego rezonansu paramagnetycznego (EPR) stosujac znaczniki spinowe. Widma EPR
znacznikow spinowych pochodnych kwasu stearynowego, 5-SASL i 16-SASL, rejestrowano w
réznych temperaturach w drugim pod wzgledem wieku lisciu jeczmienia podczas starzenia naturalnego
jak 1 indukowanego ciemno$cig. Parametr transportu tlenu wyznaczono z krzywych nasycenia
znacznikow spinowych uzyskanych w obecnosci oraz braku tlenu czasteczkowego w temperaturze 25°
C. Analiza parametrow widm EPR uzytych znacznikoéw spinowych wykazata wzrost ptynnosci blony
tylakoidowej zarowno na jej powierzchni jak 1 we wnetrzu, podczas starzenia si¢ lisci. Parametr
transportu tlen rowniez wzrastal z wiekiem lisci jeczmienia, wskazujac na tatwiejsza dyfuzje tlenu
wewnatrz bton 1 ich wigksza pltynnos¢. Wyniki te sg spdjne ze zwigzanymi z wiekiem zmianami
parametréw znacznikOw spinowych uzyskanych bezposrednio za pomocg spektroskopii EPR.
Wykonane zostaly rowniez pomiary zawartosci karotenoidow, biatek oraz alkoholi
poliizoprenoidowych (PA), o ktorych to zwiazkach wiadomo, iz maja one wptyw na plynnos¢ bton.
Pomiary te wykazaly, ze poziom karotenoidow oraz biatek spadal liniowo w starzejacych sie lisciach,
podczas gdy zawartos¢ PA wzrastata. Niniejsze wyniki wskazuja, iz ptynno$¢ bton tylakoidow w
lisciach jeczmienia wzrasta podczas starzenia; zmianom tym towarzyszy spadek zawarto$ci
karotenoidéw 1 bialek, oraz wzrost poziomu PA. Fluidyzacja btony pozwala na lepsza penetracje¢ tlenu
do jej wnetrza, co moze prowadzi¢ do wrostu produkcji RFT. Produkcja RFT moze by¢ dodatkowo
utatwiona poprzez obnizenie aktywnosci cyklu ksantofilowego. Badania wykazaly, ze dostep
deepoksydazy wiolaksantyny do jej substratu, wiolaksantyny, zalezy od ptynnosci bton. Karotenoidy

cyklu ksantofilowego chronig ros§liny przed nadmiarem $wiatta 1 stresem oksydacyjnym, dlatego



spadek aktywnosci cyklu moze prowadzi¢ do oksydacyjnego uszkodzenia btony tylakoidow i
wzmozonej produkcji RFT. Przeprowadzone badania wykazatly, ze wytwarzanie RFT wzrastato wraz z
obserwowang fluidyzacja tylakoidow od 22 do 29 dnia po wysianiu (DAS). Nastepnie produkcja RFT
obnizata si¢ do 35 DAS. Wreszcie, w ostatnim dniu pomiarow, 39 DAS, starzenie wkraczato w finalng
faze¢; poziom chlorofilu wynosit 25% wartos$ci poczatkowej, poziom produktow peroksydacji lipidow
osiggnat najwyzsza warto$¢, a poziom H,O, ponownie wzrastal przyczyniajac si¢ do koncowej

degradacji struktur komoérkowych.



Dissertation overview

Senescence in plants is a complex deterioration process which can lead to death of a single organ or of
whole organism. It is regulated by autonomous (internal) factors (age, reproductive development, and
phytohormone levels) and by environmental signals, including photoperiod, various stresses including
drought, ozone stress, nutrient deficiency, wounding and shading (Gan and Amasino, 1997).
Senescence in plants occurs at the cellular, tissue, organ, or organismal level. For our work we will put
emphasis on leaf senescence. Leaf senescence is an important physiological process of higher plants,
and often regarded as the final stage of leaf development (Wu et al., 2012). It is highly organised
process during which proteins are degraded and nutrients recycled and mobilized to seeds, storage
organs or new vegetative growth (Himelblau and Amasino, 2001). Most of the recycled nutrients
originate from breakdown of chloroplast. When senescence is induced carbon and nitrogen
assimilation are replaced by the catabolism of chlorophyll and macromolecules such as proteins, RNA
and membrane lipids. Leaf senescence is particularly important for cereal plants. Cereal plants that
have late-onset and slower rate of leaf senescence have been proven to increase yield (Borrell et al.,
2001). On the other hand, premature senescence induced by stress results in reduced yield and quality
in crops. Furthermore, plant senescence can have negative effects on post-harvest storage (Page ef al.,
2001). One of the most important crops produced in world today is barley *’ Hordeum vulgare’’. Barley
is a short-season, early maturing crop produced in variety of climates and conditions and can be used
for livestock feed, human food and malt production. It is estimated that in 2014 world production of
barley was about 140.93 million of metric tons. Due to its economic importance barley has been
intensely studied and is regarded as model plant for studying senescence process (Gregersen et al.,
2008). In recent years, a demand for primary plant products to be used for food and feed has been
growing and it is considered that climate changes are going to have a further negative impact on plant
productivity. For these reasons, there is a need for development of new crop plant varieties with
enhanced and sustainable productivity. This can be achieved by manipulating the leaf lifespan as a
major determinant of plant productivity and delaying senescence processes. However, this task is not
an easy one and although delayed senescence may lead to a high grain yield, it can also result in a

lower harvest index caused by the inefficient nitrogen remobilisation (Gong et al., 2005).

In this thesis I investigated changes in properties of thylakoid membranes during development and
senescence of secondary barley leaves and production of different reactive oxygen species during the
same period. Thylakoids are sack-like membranes localized within the chloroplast where light
reactions of photosynthesis occur. They have unique lipid composition characterized by high amounts

of polyunsaturated galactolipids, and absence of sterols, which makes them relatively fluid in



comparison with many other biological membranes (Lichtenthaler and Buschmann, 2001; Webb and
Green, 1991). Optimal membrane fluidity is necessary for many processes taking place within
thylakoids and for the acclimation of the plants to the temperature stress (Mikami and Murata, 2003).
One of the early events in plants that are acclimating to changes in temperature is modification in the
fluidity of thylakoid membranes. Exposure of plants to elevated temperatures leads to decrease in the
fluidity of thylakoid membrane and changes in double bond index (Raison et al., 1982). Also, activity
of enzymes such as violaxanthin de-epoxidase depends on membrane fluidity (Gruszecki and Strzalka,
1991). Violaxanthin de-epoxidase plays an important role in xanthophyll cycle protecting plants
against excess light and oxidative stress (Jahns and Holzwarth, 2012; Jahns et al., 2009), therefore
decrease in its activity may lead to oxidative damage to the thylakoid membrane as well as to the
photosynthetic apparatus. Changes in physical properties of thylakoid membranes of chloroplasts
during senescence received relatively little attention despite the importance of membrane fluidity.
There are several studies concerning changes in lipid fluidity of microsomal membranes and plasma
membranes from senescing leaves, fruits, cotyledons and flowers (Legge et al., 1986; Leshem et al.,
1984; McKersie et al., 1978), while only one deals with senescence related changes in thylakoid
fluidity (McRae et al., 1985). Here we investigated physical properties of thylakoid membranes
isolated from barley leaves by using electron paramagnetic resonance (EPR) spin labelling technique
(Jaji¢ et al., 2014). We used two stearic acid spin labels 5-SASL and 16-SASL that monitor molecular
dynamics at different depths of the membrane. EPR spectra of stearic acid spin labels 5-SASL and 16-
SASL were measured as a function of temperature for thylakoid membranes isolated from secondary
barley leaves during development and senescence of barley. Parameters of EPR spectra of both spin
labels showed an increase in the thylakoid membrane fluidity during senescence, in the headgroup area
of the membrane, as well as in its interior. These results were confirmed by the measurement of
oxygen transport parameter, which was determined from the saturation recovery curves of the spin
labels measured in the presence and absence of molecular oxygen at 25 °C. The oxygen transport
parameter also increased with age of barley, indicating easier diffusion of oxygen within the membrane

and its higher fluidity (Fig. 1.).
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Figure 1. Oxygen transport parameter W(x) for 16 SASL (¢) and 5 SASL (o0) measured for thylakoid
membranes isolated from naturally grown leaves

Possible factors contributing to increase in the membrane fluidity could be changes in the levels of
carotenoids and proteins, and those of polyisoprenoid alcohols (unpublished). Thylakoid membranes
are characterised by high amount of unsaturated fatty acids and high protein content. When a fatty acid
spin label is incorporated into the thylakoid membrane, it can be located in the bulk lipid area or near
the integral protein (Marsh and Horvath, 1998). These two location sites have different membrane
fluidity with sites closer to proteins being less fluid (Strzalka and Machowicz 1984). Furthermore,
thylakoid membranes are composed of 35-40% lipids and 60-65% protein and change in this ratio has
profound impact on membrane fluidity. It was shown that the decrease in the lipid to protein ratio is an
indication of a more rigid environment (Strzalka and Machowicz 1984; Quartacci et al., 2000).
Another factor influencing fluidity of thylakoid membranes is the level of total carotenoids. It was
proposed that carotenoids could be natural regulators of the fluidity of prokaryotic membranes that do
not contain cholesterol (Ourisson and Nakatani, 1994; Ourisson et al., 1987). Several studies
demonstrated that carotenoids play an important role as regulators of membrane fluidity (Gruszecki
and Strzalka, 1991; Tardy and Havaux, 1997). It was shown that zeaxanthin exerts a rigidifying effect
on thylakoid membranes of higher plant chloroplasts and that incorporation of exogenous zeaxanthin
into isolated thylakoid membranes leads to decrease in fluidity of the membranes (Strzalka and
Gruszecki 1997). Contrary to zeaxanthin, B-carotene has physiological function in the fluidization of
chloroplast membranes (Strzalka and Gruszecki, 1994). Measurements of total carotenoid and proteins
content during senescence showed a steady decrease in the amount of these membrane constituents
during ageing of barley leaves, with the highest decrease occurring after onset of senescence. In order
to distinguish between the contributions of different carotenoids to changes in membrane fluidity a

detailed analysis of carotenoid composition was performed. Results demonstrated steady state level of



most of the carotenoid pigments with the exception of B-carotene which value increased steadily,
reaching a 10-fold increase on day 27 in comparison to the start value at the day 17. Additional
parameter, which can modulate the properties of biological membranes is accumulation of
polyisoprenoid alcohols. Polyisoprenoid alcohols are known to accumulate in senescing photosynthetic
tissues of plants including senescing leaves and they can increase the permeability of membrane
(Valtersson et al., 1985). Biophysical studies have shown that isoprenoids and their phosphates affect
the permeability and fluidity of model membranes and that they were capable of increasing membrane
fusion (Murgolo et al., 1989). Our data show a constant increase in the accumulation of polyisoprenoid
alcohols with development and senescence of barley reaching the highest level on 35 DAS (Fig. 2.),

which is in accordance with the observed increase in membrane fluidity.
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Figure 2. HPLC analysis of accumulation of polyisoprenoid alcohols in extracts from fresh secondary

barley leaves harvested at different age. Data are expressed as mg of PA per gram of fresh weight.

To summarize the first part of our research, we can conclude that during natural senescence of
barley there is marked increase in membrane fluidity of isolated thylakoids. This increase is
accompanied with decrease in the levels of carotenoids and proteins, and increase in the accumulation
of polyisoprenoid alcohols, which could be a contributing factor. Although the biological impact of
these changes needs to be elucidated, it is tempting to speculate that the increase in fluidity of
thylakoid membranes and, particularly, in the oxygen transport parameter makes the senescing
membranes much more susceptible to oxidative damage. The more fluid the membrane is, the more
facilitated oxygen diffusion inside the membrane occurs, and, consequently, the higher chances of
generating ROS (Subczynski ef al., 1989; Subczynski ef al., 2009). Indeed, it was demonstrated that
production of H,O; strongly depends on the presence of oxygen (Pospisil et al., 2004). To see whether
there is a connection between increase in membrane fluidity and generation of ROS, the light-induced

production of hydrogen peroxide (H,O,) and superoxide anion (O%") were studied in thylakoids
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isolated from secondary barley leaves in the course of their development and senescence. Increase in
the production of ROS is one of the earliest responses of plant cells to senescence and abiotic stresses
(Lee et al., 2012; Prochazkova et al., 2001). In plant cells, ROS are formed as by-products of the
aerobic energy metabolism and by plants being exposed to various biotic and abiotic stresses
(Choudhury et al., 2013; Silva et al., 2010). Under normal conditions, the production of ROS is
maintained at low levels by the action of enzymatic antioxidants. However, this balance can be
disrupted by a depletion of antioxidants or the excess accumulation of ROS, leading to oxidative stress,
and consequently to damage to cellular macromolecules, membranes and an increase in lipid
peroxidation (Lushchak, 2011). Changes in the production of H,O, were investigated by two different
methods, EPR-spin trapping and fluorometric detection with Amplex Red which is complementary to
EPR-spin trapping. The results obtained with both methods were quite similar and they indicate that
the production of H,O, is already detectable on the 18-th DAS, i.e. before the onset of senescence
which occurs somewhere between 25-29 DAS. After day 25, the production of H,O, decreases only to
increase again at the very end of the senescence process (Fig. 3.). Measurement of H,O, in the
presence of NaNj3 as an ucoupler revealed substantial increase in hydrogen peroxide production (Fig.
3.). The effect of uncoupling was especially distinct in thylakoids from younger leaves having more
rigid and more coupled membranes. At later stage of senescence, when thylakoid membranes become
more fluid and more leaky, the effect of uncoupling although still present, is not so pronounced. The
results indicate that H,O, formation in chloroplasts is strongly connected with the activity of the
photosynthetic electron transport and is correlated with membrane fluidity increase during

development and senescence of barley.
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Fig. 3. Production of H,O;-derived hydroxyl radical in illuminated barley thylakoids measured by spin
trapping EPR spectroscopy during the development of barley secondary leaves. Samples were
measured in presence (+) and absence (-) of sodium azide. The mean and standard deviations of 3

measurements are shown.
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The estimation of O’,~ by the EPR-spin trapping method showed that the production of O is
detectable as early as at 18 DAS, reaching the highest values at 29 DAS. Thereafter, the production of
O, decreases. If we compare the production of O°,~ with that of HyO, we can see that the production
of both ROS is comparable until 35 DAS when the production of H,O; starts to increase, which is not
the case with O’,~. Majority of H,O; produced in plants comes from the dismutation of O’ in
photosynthetic electron transport chain with the involvement of SOD (Asada, 2006). Other important
sources of H,O, production are peroxisomes which have capacity to rapidly produce and scavenge
H,0, and O, due to the presence of many antioxidants in these organelles (Sandalio ef al., 2013) and
NADPH oxidases located at the plasma membranes (Sagi and Fluhr, 2006). Since the production of
H,0, by illuminated thylakoids till 35 DAS is comparable to that of O',”, we can assume that the
majority of HyO, produced up to this point originates from the dismutation of O~ in photosynthetic
electron transport chain. After day 35, the production of H,O, increases which could be a consequence
of an increase in the production of H,O, from other sources and a disturbance in the fine-tuned network
of enzymatic and low-molecular-weight antioxidative components which prevent the excess
accumulation of H,O,, Formation of ROS is generally considered to be a damaging process causing the
oxidative damage to DNA, proteins and membrane lipids. Especially prone to oxidative degradation
are polyunsaturated fatty acids which are abundant in thylakoid membranes (Girotti, 1990). Several
studies have demonstrated that with advancing senescence there is a notable increase in the level of
lipid peroxidation (Berger ef al., 2001; Zhang et al., 2010). For this reason lipid peroxidation is a
widely used stress indicator of plant membranes. The extent of lipid peroxidation was assessed by a
TBARS (2-ThioBarbituric Acid Reactive Substances) assay which measures the levels of
malondialdehyde (MDA). An increase in the MDA level is indicative of elevated lipid peroxidation,
especially in green leaves which have relatively high levels of polyunsaturated fatty acids with two or
more double bonds. The results reported here show a gradual increase in the amount of lipid
peroxidation products with progressing plant development with the highest increase occurring at late
stages of the senescence process when the amount of lipid peroxidation was three times higher than on

the first day of the measurement (Fig. 4.).
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Figure 4. Lipid peroxidation in secondary barley leaves. Plant tissue was ground by a mortar with 1:10
(g FW:mL) 90% EtOH and hydroperoxides were determined by subtracting the absorbance at 532 nm
of a solution containing plant extract incubated without TBA from an identical solution containing

TBA.

These results are in accordance with the data on membrane fluidity measurement and production of
ROS. Increase in lipid peroxidation was already observed on 2nd day of the measurement which is
before the onset of senescence and together with the observed increase in membrane fluidity and
increased production of ROS.

When we summarize all the results, we can observe that the first changes that occur from the
beginning of the measurement till 25 DAS, while the leaf is still developing and chl level is still rising
are increase in membrane fluidity, increase in the production of ROS and increase in the accumulation
of polyprenoid alcohols and lipid peroxidation. As we explained above, fluidization of the membrane
facilitated by accumulation of polyprenoid alcohol and increase in the level of B-carotene (Jaji¢ et al.,
2014), allows for better penetration of oxygen inside the membrane. Oxygen can then be reduced by
the photosynthetic electron transport chain (PETC) in chloroplasts resulting in the formation of ROS,
and, consequently, in oxidative damage of membrane lipids, which can be seen as the increase in the
level of lipid peroxidation. Generation of ROS is further facilitated by changes in membrane fluidity
which optimum is necessary for normal function of several membrane-localized processes, including
the xanthophyll cycle (Latowski et al., 2012; Latowski et al., 2002). It was shown that the access of
violaxanthin de-epoxidase to its substrate, violaxanthin, depended on membrane fluidity. Since the
carotenoids of the xanthophyll cycle protect plants against an excess of light and oxidative stress, a
decrease in activity of this cycle may lead to an increase in ROS production and oxidative damage to
the thylakoid membranes. Furthermore, nonpolar carotenoids like Pcarotene and lycopene, which
promote disorder in the membranes, act as prooxidants, especially at higher oxygen concentration

(McNulty et al., 2007; Palozza et al., 2006). Therefore, it seems that in the system investigated in the
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present work, increased Pcarotene content, accompanied by increased oxygen concentration, may
cause damage to the thylakoid membranes. From 25 DAS till 29 DAS, production of ROS is at the
highest level which results in oxidative stress and damage of cellular macromolecules. At the same
time levels of protein and pigments start to decrease, which contributes to further fluidization of
membrane, while the level of lipid peroxidation continues to increase. Following day 29, levels of
ROS start to decline slowly, with O~ decreasing more rapidly in comparison to H,O,. Proteins and
pigments are further degraded; lipid peroxidation continues to rise and the accumulation of the
polyisoprenoid alcohols reaches peak at 35 DAS. Finally, on the last day of the measurement, 39 DAS,
senescence is entering the last phase, and chl is at 25 % of its initial value, level of lipid peroxidation
reaches the highest value and H,O; increases again which contributes to the final degradation of the

cell structure.

We can conclude that during natural senescence of barley there is marked increase in membrane
fluidity of thylakoids. This increase is accompanied with decrease in the levels of carotenoids and
proteins, and increase in accumulation of polyisoprenoid alcohols and B-carotene which could be a
contributing factor. The increase in fluidity of thylakoid membranes and, particularly, in the oxygen
transport parameter could make senescing membranes much more susceptible to oxidative damage,
which is evident by an increase in lipid peroxidation. Such damage is expected to be further facilitated
by the reduction in the content of the membrane carotenoids, which are known for their powerful
antioxidant action. Also, results of our study show that there are distinct differences between the
productions of individual ROS in isolated thylakoids. The production of H,O, and O is clearly
different with the development of barely and the advancement of senescence. We can assume that
different capacity of isolated thylakoids for production of ROS during development and senescence of
barley can play important role for ROS signalling. Finally, change in membrane fluidity could be used
as a potential new marker for monitoring senescence process. As we observed in this study, changes in
membrane fluidity, as well as in many other parameters are evident before the degradation of

chlorophyll which so far is the most commonly used marker for monitoring senescence process.
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Abstract: Generation of reactive oxygen species (ROS) is one of the earliest responses of plant
cells to various biotic and abiotic stresses. ROS are capable of inducing cellular damage by
oxidation of proteins, inactivation of enzymes, alterations in the gene expression, and
decomposition of biomembranes. On the other hand, they also have a signaling role and
changes in production of ROS can act as signals that change the transcription of genes that
favor the acclimation of plants to abiotic stresses. Among the ROS, it is believed that H202
causes the largest changes in the levels of gene expression in plants. A wide range of plant
responses has been found to be triggered by H202 such as acclimation to drought,
photooxidative stress, and induction of senescence. Our knowledge on signaling roles of

singlet oxygen (102) has been limited by its short lifetime, but recent experiments with a flu
mutant demonstrated that singlet oxygen does not act primarily as a toxin but rather as a signal
that activates several stress-response pathways. In this review we summarize the latest progress
on the signaling roles of ROS during senescence and abiotic stresses and we give a short
overview of the methods that can be used for their assessment.
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1. Introduction

Senescence in plants is a complex deterioration process that can lead to the death of whole organisms or
a single organ. It is regulated by autonomous (internal) factors (age, reproductive development, and
phytohormone levels) and by environmental signals, including photoperiod, stresses such as drought,
ozone, nutrient deficiency, wounding, and shading [1]. The generation of reactive oxygen species (ROS) is
one of the earliest responses of plant cells under abiotic stresses and senescence [2,3]. In plants, ROS are
formed as byproducts of aerobic energy metabolism and of plants being exposed to various biotic and
abiotic stresses [4—6]. Under normal conditions, the production of ROS in cells is maintained at low levels
by antioxidant enzymes. This balance can be disrupted by a depletion of antioxidants or the excess
accumulation of ROS, leading to oxidative stress, and consequently to damage to cellular macromolecules
and membranes and an increase in lipid peroxidation [7,8]. ROS-induced oxidative stress limits agricultural
yields worldwide [9]; in the United States alone, it is estimated that the deleterious effects of abiotic
stresses on agricultural production are responsible for losses amounting to billions of dollars annually [10].
Plants have evolved different mechanisms to protect themselves from adverse environmental conditions,
such as the process of acclimation, which involves less ROS production coupled with an efficient
antioxidant defense [11,12] and the activation of different signaling pathways [13,14].

Initially, ROS were exclusively considered toxic metabolic products that can damage cellular
components, but now it is clear that ROS play a dual role in plants both as toxic compounds and as key
regulators of many biological processes [15—17]. The important role of ROS in signaling has been
demonstrated in many studies. It has been shown that ROS modulate the activity of key signaling
compounds such as MAP kinases [18], provide protection against pathogen invasion [19,20], stimulate
abiotic stress tolerance [21], and have an important role during early responses to wounding [22].
Despite the importance of ROS, our knowledge of the mechanism of their action is still limited. In this
review we will try to summarize the latest progress on the roles of reactive oxygen species during
senescence and abiotic stresses.

2. ROS Detection

The main problem with an accurate determination of the role of ROS in senescence and abiotic stresses
is the simultaneous generation of ROS [23,24] and the limited number of non-invasive and specific
methods that can be used for their determination. For example, in plants suffering from moderate light
stress singlet oxygen ( 1Oz), superoxide anion (O.z ) and hydrogen peroxide (H202) are released
simultaneously [23], making it difficult to establish their individual roles. This is further complicated by
significant differences in the production of ROS when senescence is induced artificially and when the plant
ages naturally [25]. The effects of H202 on gene expression have also been reported to be different when
the H202 was applied exogenously and when it was induced in response to high light [26]. Finally, several
studies revealed that multiple stressors, as usually encountered by plants in nature, could
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substantially change the expression patterns of genes determined in a single factor analysis [27-30].
There is a need for an experimental model that can take into account all the factors that can influence
the outcome of research into the role of ROS.

There are a great number of user-friendly assays that can be used for the measurement of ROS
production in plant tissues, including the fluorometric determination of H202 with Amplex Red [31] and
the colorimetric determination of O2  with XTT [32]. Although easy to use, these methods lack
specificity. This is because Amplex Red is somewhat unstable—it can be autooxidized and produce O2 ~
and H202 [33], and it can react not only with H202 but also with other redox active compounds [34],
while XTT can be reduced by short-chain sugars [35]. Higher specificity can be achieved by using the spin
trapping technique by electron paramagnetic resonance (EPR) spectroscopy. Spin trapping involves the
reaction between a nitrone or nitroso compound and a free radical to form a stable spin adduct [36]. The
spin adduct usually yields a distinctive EPR spectrum characteristic of the particular free radical that is
trapped. Under normal conditions, the flux of ROS generated in cells is maintained at low levels by the
action of antioxidant enzymes and low molecular weight antioxidants, making the detection of ROS
difficult. In order to successfully detect ROS, an imbalance between the production of ROS and their decay
needs to be created. This can be achieved by the illumination of samples with visible light in the presence
of an appropriate spin trap or with the addition of the spin trap immediately after illumination [37—40].
There are numerous publications with detailed descriptions of how to use EPR spectroscopy for the
detection of hydrogen peroxide [39], the superoxide anion [40], the hydroxyl radical [41], and singlet
oxygen [38] in plant tissues. One of the limitations of spin trapping is that the method does not provide
information on the specific sites of ROS production in tissues due to solvent incompatibility with living
tissue and high concentrations of spin traps needed [42], Also, it typically underestimates actual in situ
ROS concentrations because only a small fraction of the radicals produced is usually trapped [43]. Non-
invasive, in vivo measurement of ROS can be achieved using fluorescent probes in combination with
confocal laser scanning microscopy (CLSM) [44] or fluorescence microscopy [45—47]. One advantage of
CLSM methodology is the possibility of studying the intracellular location of ROS using simultaneously
specific fluorescent probes for different organelles. 2',7'-Dichlorofluorescein diacetate (DCF-DA) can be
used for monitoring H202 in plant tissues [48]; however, it lacks specificity since it was demonstrated that
it can also react with other peroxides [49]. Dihydroethidium (DHE) is a more specific probe that can be
used for detection of O2" in different plant tissues [50,51]. The determination of singlet oxygen with a
singlet oxygen sensor green (SOSG) reagent showed high specificity to 'O2 without the interference of
hydroxyl radicals or superoxide [46]. Unfortunately, even in the absence of external 'O2 photosensitisers,
the indicator can be converted to its green fluorescent form upon exposure to either UV or visible radiation.
This could obviously lead to a wrong estimation of 'O2 levels [52]. Real-time monitoring of reactive
oxygen species in living cells and tissues can be achieved with a genetically encoded redox probe such as
HyPer and reduction-oxidation sensitive green fluorescent protein (roGFPs) [53]. These probes offer high
specificity and can be used for determination of ROS in various subcellular compartments. HyPer is highly
sensitive to hydrogen peroxide, is insensitive to other oxidants, and it does not cause artifactual ROS
generation, thus having great potential in plant biology [54], while roGFP can be used for determination of
H202, but also for determination of thiol redox state depending on its form [53]. Disadvantages of these
probes include the necessity of pH control and possible antioxidant activity,
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which need to be taken into consideration [53]. In Table 1 we summarize the methods that can be used
for measurement of ROS production in plant samples.

Table 1. Overview of the methods for determination of ROS in plan samples.

Method/Probe Advantage Disadvantage Used for
Can be autooxidized, reacts with
Amplex Red Easy to use and fast ) H202
other redox reactive compounds

Non-specific, can be reduced by

XTT Easy to use and fast short-chain sugars 02
Expensive, laborious, method
EPR spin trapping Highly specific, can be used for ~ does not provide information on P{zOz, O'z:,
determination of numerous ROS the specific sites of ROS 02, OH
production in tissues
In vivo determination of Non-specific, reacts with other
DCF - DA . ) . . . H20:2
intracellular ROS production peroxides, expensive equipment
In vivo determination of . ' .
DHE intracellular ROS production Expensive equipment 0>
L o 1
In vivo determination of Wrong estimation of ~O2 upon 10
SOSG intracellular ROS production exposure to visible or UV light :
Real time monitoring of ROS in Necessity for pH control and
HyPer and roGFP . ) ) oo . H202
living cells and tissues possible antioxidant activity

3. Superoxide Anion

In plants O2 is generated in different cell compartments, including chloroplasts, peroxisomes,
apoplast, the mitochondrial electron transport chain, and the plasma membrane [55-57]. The primary
sources of the superoxide anion in chloroplasts are Mehler reactions, during which O2 is reduced by
electrons from the photosynthetic electron transport chain [58]. Generated O™2" is then converted to
hydrogen peroxide (H202), mostly by the action of CuZn-superoxide dismutase (SOD) [59]. Thus, SOD
determines the lifetime of O™2" in cells and the probability of its involvement in biochemical processes.
Furthermore, O2" is a moderately reactive, short-lived ROS with a half-life of approximately 2—4 us [17],
and it cannot cross the chloroplast membrane [60]. For the reasons listed above, a signaling role of O™2~
during senescence and abiotic stresses seems unconvincing. However, chloroplasts are not the only sites of
02" production. In peroxisomes, O2" is being generated by two different sources: in peroxisomal matrix
via action of enzyme xanthine oxidase [61,62] and by electron transport chain (ETC) in peroxisomal
membrane [63]. Peroxisomes can be considered as an important source of signaling molecules since they
have capacity to rapidly produce and scavenge H202 and O™2" due to the presence of many antioxidants in
these organelles. Another important source of O2" in plant cells are NADPH oxidases (NOX), in plants
commonly known as respiratory burst oxidase homologs (Rbohs), which catalyze the production of 02~
[64,65]. Plant Rbohs have been intensively studied recently since they play key roles in many physiological
processes, such as ROS signaling and stress responses [66,67]. Finally, O™2" is also produced in cytosol by
action of xanthine dehydrogenase and the aldehyde oxidase [68,69]. Numerous studies have reported an
increase in the production of O2" during natural and artificially induced senescence [70,71]; however,
attributing a specific signaling role to this increase
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is extremely difficult since the increase in most cases is accompanied by the production of other ROS and
the quick conversion of O2” to H202. High production of ROS is damaging to the cell due to oxidative
modifications of key cellular components and may ultimately lead to plant cell death [72]. In a recent study
[73] it was shown that under the high temperature treatments, large amounts of O2" and H202 were
generated and accumulated in cucumber leaves, leading to premature senescence, which is indicated by the
changes in protein, lipid peroxidation (LPO), and chlorophyll content. Nevertheless, a signaling role of
072" was demonstrated in Arabidopsis thaliana plants exposed to methyl viologen, a superoxide anion
propagator, under light. The generation of O2" in the absence of H202 accumulation revealed a subset of
nuclear encoded genes that are likely to be specific for an O2 -mediated signaling pathway [74]. Data
analysis identified a strong upregulation of genes belonging to categories functioning in abiotic stress
responses, among them WRKY 6, which has previously been reported to play a role during senescence and
in defense-related processes [75]. Recently, we investigated the production of O2™ during the development
and senescence of secondary barley leaves by using EPR—a spin trapping method with DMPO as a spin
trap [76]. It was shown that the production of O™2" increases during the development of barley, reaching its
highest level right after the onset of senescence. Thereafter, the production of O™2" started to decline till the
end of the senescence process. This was accompanied with an increase in membrane fluidity during the
same period [77], which could be a factor facilitating the increase in the generation of ROS. An increase in
02" was also observed in the interveinal area of senescing tobacco leaves, as well as in the minor veins of
mature and senescent leaves, while it was absent in the major veins [78]. It is hypothesized that spatial
differences in the superoxide anion are important for the non-uniform downregulation of photosynthesis-
associated genes. A further role of O2™ as a signaling molecule was demonstrated during the early wound
response in an experiment with Medicago leaves where ROS production was inhibited with
diphenyleneiodonium (DPI). The rapid (<3 min) DPI inhibition of phase I O2" production suppressed the
differential regulation of 7 out of 19 wound responsive proteins, showing that early, wound-related O2~
production (phase I) provides an essential signal for wound-related changes in the leaf apoplast proteome
[22]. Increased production of O2” was observed in plant responses to cadmium stress in pea (Pisum
sativum L.) [48]. Exposure to Cd leads to an oxidative stress as a result of disturbance in antioxidant
defense and a decrease in NO level. It was demonstrated that NO can mitigate the deleterious effect of Cd
on lupine roots [79] and that it has a possible antioxidant effect in its ability to react with O™2" to prevent
oxidative damage [80]. In this way, O2" could contribute to plant responses to abiotic stresses.

4. Hydrogen Peroxide

Hydrogen peroxide plays an important role in plants under stress conditions as a signaling molecule that
mediates between different physiological processes [81]. It is involved in the regulation of the senescence
process [82], protection against pathogen attack [83], the reduction of stress intensity at low light [84], and
the alleviation of drought stress [85], and it can influence the expression of hundreds of genes [86].

Hydrogen peroxide is produced in plants via two possible pathways: dismutation of 0 with the

involvement of SOD [59], and via oxidases such as amino and oxalate oxidases [87]. The level of H202 is
kept under control by a fine-tuned network of enzymatic and low-molecular-weight antioxidants that
prevent the excess accumulation of H202 [88]. Production and scavenging of H20z2 in plant cells has
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been summarized in Figure 1. The balance between SODs and the different H202-scavenging enzymes
in cells is considered to be crucial in determining the steady-state level of H202 [89]. In comparison
with other ROS, H20: is the most stable and least reactive ROS, and it can easily cross the membrane
[81,90], which makes it a good signaling molecule. H20: plays a versatile role in plants; as a signaling
molecule it is involved in the regulation of various abiotic and biotic stresses [81] and, at high
concentrations, it has an important role in cell death and during the final stages of senescence, when it
contributes to cell degradation [16,17]. The dual role of H202 was confirmed in a recent study, in
which treatment with 600 uM H202 caused an increase in the vase life of a cut Oriental x Trumpet
hybrid lily “Manissa,” while concentrations of 800 and 1200 uM resulted in negative effects [91].
Further evidence that the effects of H202 are dose dependent comes from a study in which wax apple
trees were spray-treated with different concentrations of H202 under field conditions [92]. Spraying
wax apple fruits with 5 and 20 mM of H202 once a week produced better fruit growth and maximized
the yield and quality in comparison with the control and with a higher dose of 50 mM of H20:.

Mitochondria

Chloroplast

j . EC 50D Fenton :
[ 0p—> 0°; =—>H,0, —>0H" |
! )
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Figure 1. Production and scavenging of ROS in a plant cell. Figure legend: Superoxide
dismutase (SOD); Fenton (decomposition of hydrogen peroxide to highly reactive hydroxyl
radical in presence of iron); ETC (electron transport chain).
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H202 plays an important role during the senescence process, where it was shown that it could be used
as a signal to promote senescence in different plant species, and to be part of a complex regulatory network
[93]. It was shown that H202 increases at the point when the plants start to bolt and flower, which is
supported by a decrease in ascorbate peroxidase 1 activity at the same time [16]. This probably induces the
expression of transcription factors and senescence-associated genes. Indeed, expression analysis showed
that H202 treatment induced 14 out of 36 salt-triggered senescence-associated genes and 15 senescence-
associated NAC genes [94], indicating that salt-triggered senescence at least in part involves H202-
mediated signaling through NAC transcription factors. This is supported by studies in which it was
demonstrated that H202 treatment induces the expression of NAC transcription factors ORS1 [95] JUB1
[96] and ATAF1 [97], which have a significant impact on progression of senescence. Overexpression of
ORSI1 triggers the expression of senescence-associated genes and accelerates senescence in transgenic
plants, whereas its inhibition delays it. Contrary to ORSI, the overexpression of JUBI strongly delays
senescence, dampens intracellular H202 levels, and enhances tolerance to various abiotic stresses. ATAF']
overexpression stimulates the progression of senescence by activating senescence promoting transcription
factor ORE! and repressing chloroplast maintenance transcription factor GLKI. The generation of H202
during the development and senescence of barley was investigated in our recent study [76]. The results
showed an increase in the production of H202 with the development of barley, with the highest levels
observed right after the induction of senescence and at the very end of the senescence process, which is
similar to the pattern observed in the study discussed above [16]. Our research provides further evidence of
the important role of H202 during leaf senescence in two different aspects: as a signal molecule for the
induction of senescence, and in the degradation of molecules at later stages of senescence.

Several studies have indicated that H202 can interplay with other signal molecules that are important
for plant development and during senescence such as abscisic acid (ABA) and ethylene [12,98]. It was
shown that H202 could be involved in the signaling of plant growth regulators such as ethephon [98]. The
application of ethephon results in an elevation in H202 levels, which is accompanied by the increased
expression of sweet potato catalase. The elimination of H202 influence by exogenous-reduced glutathione
alleviates ethephon-mediated effects. Recently, the interaction between ABA, H202, and ascorbic acid in
Mediterranean shrubs during summer drought was investigated. It was shown that the drought stress—
ABA-H202 interaction can induce an increase in ascorbic acid, maintaining and even decreasing the
ascorbate oxidative status under summer drought conditions, thereby protecting plants from oxidative
damage.

There are numerous studies demonstrating the important role of H202 in the acquisition of tolerance to
different abiotic and biotic stresses [84,85,99,100]. It was recently shown that pre-treatment with H202
provides protection against heat stress and low light induced oxidative stress by modulating the activity of
antioxidant enzymes. The exogenous application of H202 can induce tolerance to heat stress in seedlings
of Cucumis sativus cv Lvfeng no. 6 [100]. The pre-treatment of cucumber leaves with H202 and heat
increased antioxidant enzyme activities, decreased lipid peroxidation, and thus protected the ultrastructure
of chloroplasts under heat stress. Similarly, it has been shown that exogenous H202 can have a beneficial
effect on low light induced oxidative stress [84]. Low light induces an oxidative stress [101], which
increases ROS and causes lipid peroxidation. H2O2 pre-treatment of cucumber leaves resulted in decreased
levels of 027, endogenous H202, and malonaldehyde by moderating the activities
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of antioxidant enzymes, thus reducing lipid peroxidation and stress intensity at low light. Pre-treatment
with H202 can also increase drought stress tolerance in soybean leaves by promoting the expression of
stress-response genes [85]. Exogenous application of H202 caused an increase in the mRNA levels of key
enzymes for the biosynthesis of oligosaccharides, which are known to help plants tolerate drought stress.
This enabled the soybean plant to avoid drought stress through the maintenance of leaf water content and
thus to delay foliar wilting. Finally, hydrogen peroxide contributes to defense responses against pathogens.
It was demonstrated that H202 is important for the greater tolerance of kumquat leaves infected with
Xanthomonas axonopodis than that of grapefruit [19]. Infected kumquat leaves have a high accumulation of
H202, which is promoted by the suppression of ascorbate peroxidase activity and later by the suppression
of catalase activity, both involved in maintaining H202 at low levels. H202 can then be used as a substrate
for the higher activity of Class III peroxidase in the apoplast, which is known to be involved in plant
defense against pathogens.

5. Singlet Oxygen

Singlet oxygen is the highly reactive, excited state of molecular oxygen that can be formed in a reaction
between O2 and the chlorophyll triplet state [102]. Unlike the formation of H202 and 027, the formation
of '02 is not accompanied by the transfer of an electron to O2. Instead, one of the unpaired electrons is
promoted to a higher energy orbital [103]. Under normal conditions, 'O2 is generated during
photosynthesis by the photo activation of photosensitizers, mainly chlorophylls and their precursors [102].
Singlet oxygen is also generated during senescence [25] and under different abiotic stresses [104—106].
Similarly to other ROS, '02 has a dual effect. As an oxidizing agent it can react with various biological
molecules, causing damage and leading to cell death [107]. It can also play a signaling role by activating
the expression of different genes [23,108]. As a result of its high reactivity and short lifetime of 3.1 to 3.9
us in pure water [109], 'O2 is able to interact with molecules mostly in its nearest environment. The
diffusion distance of '02 has been calculated to be up to 10 nm in a physiologically relevant situation
[110]. On the other hand, it was demonstrated that 'O2 is capable of diffusing a distance of over 270 nm in
rat nerve cells [111] and that '02 produced in the photosynthetic apparatus of C. reinhardtii under high
light is capable of leaving the thylakoid membrane and reaching the cytoplasm or even the nucleus [112],
which makes its role as a signaling molecule feasible.

Significant progress in the investigation of the role of singlet oxygen in signaling was achieved with the
use of a conditional fluorescent (flu) mutant of Arabidopsis that accumulates the photosensitizer
protochlorophyllide in the dark and generates singlet oxygen after transfer to light [107,113]. Following
illumination with light, a different set of nuclear genes are activated within the f/lu mutant, and they are
different from those induced by O2™ and/or H202, suggesting that singlet oxygen does not act primarily as
a toxin but rather as a signal that activates several stress-response pathways [107]. Recently, it was reported
that 'O2 could be responsible for increased tolerance to photooxidative stress in Arabidopsis plants through
the action of B-cyclocitral [114]. B-cyclocitral is a B-carotene derivative produced in high light that is able
to induce changes in the expression of a large set of genes, which strongly overlap with the network of
genes induced by 'O2 [114]. At the same time it has little effect on the expression of H202 gene markers.
B-cyclocitral-induced reprogramming of gene expression is associated with increased tolerance to
photooxidative stress, indicating that B-cyclocitral is a stress signal produced in high light
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that is able to induce defense mechanisms and represents a likely messenger involved in the 1Oz signaling
pathway in plants [114]. Further evidence that 1Oz participates in acclimation to photooxidative stress
comes from a study with an npqllut2 double mutant [106]. The npqllut2 mutant specifically accumulates
lOz due to its selective loss of lutein and zeaxanthin, which participate in the quenching and scavenging of
3Chl* and 1Oz [115,116]. Following high light illumination, 1Oz accumulates and modifies the expression
of a group of genes encoding chloroplast proteins, leading to a significant change in chloroplast

composition and functional modifications. High light induced lOz responses were also investigated in an
Arabidopsis cell suspension culture (ACSC) containing functional chloroplast [117]. An experiment with
different fluorescent probes showed that the high light treated cultures emitted fluorescence that
corresponded with the production of 1Oz. This was accompanied by significant changes in the expression

of transcripts specifically upregulated by 1Oz, which leads us to conclude that 1Oz plays an important role
in the initiation of defense responses to high light.
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Figure 2. Possible roles of ROS during senescence and abiotic stresses.

When it comes to senescence, our knowledge on the signaling role of the '02 is limited by the scarcity
of the research relevant to the topic. There is general agreement that ROS production increases during
senescence [2,3]. However, the increase in '02 is observed simultaneously with that of other ROS, making
it difficult to isolate the role of 'O2. It was reported that 'O2 is the main cause of senescence-associated
oxidative stress in chloroplasts of sage [118]. However, this was concluded on the basis of the strong
degradation of B-carotene and a-tocopherol in drought-stressed plants, which suggests the enhanced
formation of singlet oxygen. In addition, in a recent study, a mass generation of singlet oxygen was
measured in the early stages of hormone-treated barley but then declined, while in naturally senescing
plants there was continuous production of low amounts of singlet oxygen [25]. Together with an increase
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in '02, artificially senescing plants contained oxidative breakdown products of B-carotene such as
B-cyclocistral, which is a possible messenger involved in the '02 signaling pathway in plants [114], while
the same was undetectable in a naturally senescing plant. Similar results were observed in our recent study,
where it was shown that during the development and senescence of secondary barley leaves there is a
continuous production of low amounts of '02 [76]. Another possible role of 'O2 could be its contribution
to an increase in lipid peroxidation (LPO), leading to cell death. It is well known that with advancing
senescence there is a notable increase in LPO [119,120]. Recently, it has been reported that in optimal
growth conditions '02 was responsible for more than 80% of the non-enzymatic LPO in Arabidopsis leaf
tissues [121]. Lipid peroxidation leads to the generation of free radicals, which can lead to the promotion of
senescence [122]. This in turn leads to an increase in lipoxygenase activity, which can further increase LPO
and also form 'O2 [123], leading to overproduction of '02. Indeed, it was showed that in Arabidopsis
mutants favoring 'O2 production, photooxidative stress led to a dramatic increase in LPO preceding cell
death [121]. Possible roles of ROS during senescence and stress are summarized in Figure 2.

6. Conclusions

In this review we have given a short overview on the possible role of three classes of ROS during
senescence and abiotic stresses. ROS play an important role in different plant processes ranging from plant
stress adaptation to defense against pathogen attack. In the ROS family, the signaling roles of H202 have
been most thoroughly studied due to its relative stability and ability to diffuse through membranes. It has
been demonstrated that H202 plays various roles in plant growth, development, and metabolism. It has an
important role during the senescence process, where it was shown that it could be used as a signal to
promote senescence and during the acquisition of tolerance to different abiotic and biotic stresses. In
comparison with H202, the superoxide anion is less stable and cannot cross the membrane, which makes it
less suitable as a signal molecule. Nevertheless, an important signaling role of O2~ was demonstrated
when it was shown that the generation of O™ in the absence of H202 leads to a strong upregulation of the
genes that function in abiotic stress responses and during senescence. Finally, in recent years, with the
discovery of a flu mutant, it was demonstrated that 'O2 is capable of activating a set of nuclear genes
different from those activated by O2~ and H202 and that it plays an important role in plant responses to
light.

At present, only the role of H202 during senescence and abiotic stresses has been extensively studied,
while the role of other ROS remains to be further clarified. In recent years there has been significant
progress in this area, with development of new techniques and technologies, but still there is no ideal
technique that can be applied to a variety of systems and to specific ROS classes. EPR spectrometry can be
used to measure specific ROS species but it requires a thorough sample preparation, which prevents the
measurement of specific sites of ROS production in tissues. On the other hand, genetically-encoded redox
probes can be used to measure ROS production in different cell compartments in vivo but they often do not
differentiate between different classes of ROS. Moreover, most of the papers investigate the impact of a
group of ROS, while the contribution of individual ROS remains questionable. Significant progress in the
future can be made on the signaling roles of 02 ~ and '02 during senescence. Roles of these two classes
during  this important process have not yet been sufficiently investigated and
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many questions wait to be answered. Already it has been shown that 0> upregulates some of the
genes that are important during senescence such as WRKY6, but not much more is known. Similarly,

the role of O2 during senescence is limited to its contribution to cell death, while several studies
reported that production of this species remains unchanged during natural senescence. Whether this is
true or not remains to be seen.
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Physical properties of thylakokd membranes solated from barley were imvestigated by the eiectron para-
magnethc resonance (EPR ) spin labeling technigue. EPR spectra of stearic acid spin labels 5-5A51 and
16-SASL were measered as a function of temporature in secomdary badley leaves during natural and dark-
Iivduced senescence. Dxygen transprt paranseter was deteimined from the power saturation curves of
The spim labels obtained in the presence and absence of melecular cxygen ar 25 “C Parametersof EPR spec-
tea of both spin Labels showed an increase in the thylskoid membrane Mubdity during senescence. i the

rﬂwﬂ headgroup area of the membrane, as well as in igs interior, The oxygen rransport parameter alse increased
b t ‘ with age of barey, indicating easier diffusion of axygen within the membrane and i higher fuidio. Thie
Sty data are consistent with age-related changes of the spin libel parameters obtained directly by EPR spec-
Spin Libeding troscopy, Similar outcome was #lso observed when senescence was induced in mature secondary barley
Thyglakoid membrane leaves by dark incubation. Such leaves showed highdr membrane Dubdity in comparison with leaves of
the tame age, grown under light conditions. Changes in the membrane flidity of barley secondary leaves
were compared with changes in the levels of carorencids (car | and proteins, which are known to modify
ceme; the changes sre sooompanied with a decrease b the comtent of car and proteins, which could be

A contriburing factor,
© 2014 Elsevier GmbH. All rights reterved.
Introduction production of Teactive oxygen species (2 imme imann and Zvotgral,

Leaf senescence. constitutes the final stage of leal dovelop-
ment resulting in dererioration of leaf funceion and dearh. 17 is a
highly organized process during which proteins are degraded and
nutrients recycled and mobilized fo seeds. storage organs or new
vegetative growth (Himelbhin and Amasineg, 2000 ), Changes that
occur during leal seovscence have been intensively studied and
they include ehlorephiyll (chl) catabolism (Ougham ot al, 2068},
loss of photosynthetic competence [ boRae et al. 1985) increase in

Ablerviations: Brar, [-carotens; s, ¢ di: chl, chicrophyll; EPRL elec-
trom paramagnens resonanoe! Lul lubein: Mo necxanthin: V. vialaxhantin: Bea
peaanthin.
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E-moul addness: karpniereitrzalia@ il com {10 Sereabkal,

Trmpr rhchon s T TO T i 201 4 00 007
0176~ FETTHE 3014 Ebevier GmbH, All rights redorved.

J00E3 ] ax well as changes in expression of senescence associated
genes (Lim et al, 2007), However, changes n physical proper-
ties of thylakold membranes of chloroplasts during senesoonce
received relatively lintle attention, There are several studies con-
cernimg changes in lipid Auidity of microsomal membranes and
plasma membrancs from senescing leaves [Leshem et 4l 1984;
Roborts ot al, 1987 ) ffvits {Legge ot al., 1EEG), cotyledons { MoK ersie
of al. 1975} and Mowers [Borochov ol sl 1976 Legee of al, 19532
Plhompiodn of ab, 19820 while only one deals with sencscence
related changes in thylakod fuidity (MreRae et al, 1H85),
Thylakokds are highly specialized systems of membranes inside
chloroplasts. They are the site of light dependent reactions of
phutosynehesis. Lipid composition of thylakold membianes is
characterized by high amounts of polyunsaturared galactolipids
(Lighienthiales, 1999) and absence of sterols- | Weeh anil Given,
f9a1]), Consequently, as compared o many other biological
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membranes, the thylakold membranes are selagively Muid, The
importance of membrane fluidity is cleady evident in respect to
plant responses to ¢hanges of environmental conditions, Exposure
of plants to clevated temperatures leads to decrease i the flu-
idiry of thylakoid membrance and changes in double band index
(Raison et al 192, The damage of thylakoid membranes may lead
to a significant decrease in photosynthesis and decreased biomass
production ingrain yield for crop plante Membrane Nuidity of thy-
Jakoids can be modificd by many factors. Increase in the samraned
b unsaturated Gty Jdcid raro and depletion of pnsaturated farry
acids account for the decrease o membeane Ruidity {Fobel geal

YOET: Yiruehs o4 dl, 2001 L Similar effect is observed when simagesifip 1]

are incorporated into chloroplast thylakoid membranes [Ford and
Harher, 1963) Incorporation of carobennids (car] and - operation
of the xanthoplivll eycle modify membrane Muidity (Lisoak et al,
1087 Gruszeckt and Strzallka, 1901); so docs the acoumulation of
Lipiel pepoxbcdation produces {Mayak et al, 19873 Chan and Yo, 1994),
Finalty, the lipid to protein ratio regulates the fluiding of membranes
amil 3 decrease iy this ratio is an indication of 2 more gigid envi-
ronmendt [Strzalka and Sobcrynski, 1981 Stezalkaand Machowice,
1954 L) et sl 2000,

The present study examines which parumerers e a5s0ci-
ated with changes in physical properies of thylakodds solated
from barley senescing leaves. Simultancous measurements of thy-
lakold membrane (hiidity. oxygen transport parameter, chl and
carotendld guantification, and protein level have been made for
marure and naturally seacscing secondary barey leaves, and duning
dark induced sencscence of these leaves.

Materials and methods
Planr matevial and treatmenes

“Golden Promise™ bairley (Hordeum valgore] was coltivated
insede the greenhouse inca day and nighe chythm (day: 16h with
150 pE tight at 24°C: night: & h darkness at 18°C), In coreals such
as barley, seaescepce seems to be regulated at the level of the indi-
vidial Jeal, Nurrients are mobilized from the older leaves 1o the
younger leaves and eventoally to the flag leaves. For this reason we
chonse leal that emerges second after sovwing | secondary leal} as
the material for experiments. Thylakoid membranes wene solated
from secondary beaves harvested 18, 20,2327, 31, 35 and 39 days
after sovwing Each sample was an average of 10 secondary leaves
and was done in a duplicate. Dark-indices senesoence was induced
an mature secondary leaves (24 days after sowing) by 5 days dark
incubation ofwhole plants. As a control, mature secondary [cavesof
equal age were harvested from plans grown uader light conditions.

Feolarron awd spin labeling of thylakod membranes

Barley Teaves (1,0 gram) were homogenized with 100ml of
buffer A (pH 7.6, 30mM Hepes, 0AM sucrose, 10mM MaCl) an
fee. Homogenate was filtered through 4 Livers of cheese cloth into
tubes For centrifugatbon and centriluged in K23 contrifuge for 905
at 500w g, Pellet was discarded and supernarant was transfermed
o chean tubes and centrifuged for 7min ar 1000 « g Besulting
pelict was suspended in 20mi of buffer B (pH 7.6, 0.2 M suerose,
20mM Hepes, 00 MECL S mM MeCly ) and centrifuged for 7 mim ar
1000 « ¢ Final pellet was suspended in 5 mil of buffer C (osmotic
shock buffer pH 7.6, 20mM Hepes. 0.1 M KCL, 5mM MgCly ) and

left for Smin o0 magnetic stircer an dce, Then Sml of bufler 0

(pH 7.6. 0.4 M sucrose, 20mM Hepes, 0.1 M KCL 5 mb MgCly ) was
added and the suspension was centrifuged for 10 min ar 2000 « .
Petiet of thylakoid membranes was suspended in buffer B ar the

- 2N -
n—gﬁi- -

Fig. 1, EPR spevirs of doayliearic scil spin Wbels in thylakoid membrane réconded
AU 254C for mammplies equilibrated with mirogen. The neanired parameter o ol
cared, Outermast splitng parameter [24s | gived infoomation shout the general
mahsliny of the spin Label i the membrane. it thus teflects the degres of membrane
Dhsidhity.

econcentranon of ehl of T mgiml. All procedures were performied

sunder dim green Hght and temperature of 4 °C

Spin labeling was performed according to Ligesa of a1 (1998,
Bricily, 1550 of 2mM chlurolfon salution of n-doxylsteanic achi
wias dried on the bortem of 4 0.5ml Eppendors tubse, 300 gl of thy-
Lakokd menbrane suspension was added and vortexed for 15 minat
room temperature, After that, the sample was centrifuged for 5 min
in Eppendonf AG centrifuge ar 14,500 « g The pellet was suspended
to chil concentration of 1mg/ml awd left on ce until measurement,

EPR meeasurernents and axygen rrosport poramerer ealiularian

Physical properties of thylakoid membranis salated from bar-
ley leaves were investigated by electron paramagnetic resonance
(EPRI-spin fabeling. Two stearic acid spin labels 5-585L and 16-
SASL that manitor melecular dynamics at different depths of the
membrane wene uséd, 5-5A5L has a nitrokide group (N—0) local-
ized close to the headermoup region of the membrane, while the
N-0r group of 16-5SASL localizes in the membrane conter. The sus-
pension of thylakeids in a gas permeable capillary made of TRX
was positioned inside the ivsonator. The samples were equili-
biraked either with aiv or with nitrogen gas, which was also used
for remperatwe contiol. EPR spectra were reconded a physiolog-
ical range of tomperatares i order (o see iF the changes i the
inembrane Huidity are identical for all temperatures and the out-
ermost splitting parameter 24y wis measured for 5-3A5L (Fe. 1)
while rotational correlation times Tag and T were caloulared for
16-SASE as described by Berliner {Bertinet and Reuberi. 1089), Bath
parameters reflect the local flulding of the membrane: their smaller
values indicate the greater motional lreedom of the spin-labeled
fatty acids in the thylaloid membrane and its higher fluidiny.
Dxyzen transport parameter (W) was obtained from power at-
uration curves of 5 and 16-5A5L recorded in the presence and
absence of molecular oxyeen at 25 € vilng an analugous pro-
cedure as described in (Whniewska and Subczynski, 1995] for
FelCNlg® accessibility parameter, An experimental power satura-
thony curve, which is the plot of the EPR signal amplitude [ ) vorsoes
the square root of incident microwave power | ) was fitted to the
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theoretical description of power saturation bebavior for the
homogenous Lorentian ling (Poole, 1983 ):

P . | i 1

(1 *_c”l'?

where A 15 a normalizing factor, and € is 3 pargmeéter proportional
to the Ty Tz product. Ty and T3 are the spin-lattice and spin-spin
relaxation times of a spin label, respectively, The experimental data
were firted to Eq, | 1 wsing the best-fit procedure with c and A asthi
adjustable parameters, The oxyeen transport parameter i5 defined
&5 [ Kissutnd = 4l (982%

w =Ty a0 - T (v x) )

where W s a function of both, the copcentration and the trans-
lational diffusion coefficicnt of molecular oxygen ar the depth “x”
within the membrane (Kosiiml ot 4l 19821 The collistons of the
nitroackde moiety with malecular oxygen decrease both relaxations
times, However, Ty is much shorter than Ty and rhe effect of oxygen
op Ty dominares [Wisniewalo and Subceynaks, 1998 Therefore, Eg.
(21 can be written in a foom, which aflows calculation of W directly
from the Ty Ty prodisct:

w = UTT) " Airen] - (T 72T i

AMgplx) &

where &g is peak-to-peak linewideh of the cencral line in the EPR
spectrum far non-saturating conditions i the absence of oxymen,
In the preseated results, W was obtained a3 defined in Eq. (3 with
¢ im the place of T T3 product.

Pigment urd provein guantification

Proteins from jsalated thylakolds were assaved acoording to
Bradfsed | 1976] wiing bovine serom albumin ¢ the standard.
Analysis of thylakoid proteins was performed follawing thylakoid
isolation and prior o EPR analysis. All analyses were done in
rhylakoid membranes izolated from secondary barley leaves of
different age and suspended to ¢hl concentration of | mgml,
Pigmenrs from leaves and thylakoid suspensions were deter-
mined spectrophotametrically according to following procedure
(Lichtenrbaley and Buschmann, 2001 ), For determination. of pig-
ments from leaves approcimsately Ty of grinded secondary
Barkey leaves was weighted into Eppendorf tube and mixed with
I ml of extraction solvent (805 acctone |, Suspension was left for 2 h
at = 20°C and centrifuged in Eppendof AG contrifuge ar 145,000 « g
for 2 mn, Supermatant was diloted and absorbance was measured
At 649, 665 and 470 nm: Pigments from thylakoid susperision wene
derermincd by mixing 20l of thylakaids with 2 ml of S0 acerone
and measuring absorbance, Pigment and protein quantification was
also performed on thylakoids isolated from the dark induced leaves
anid their contral, HPLC quantification of pigments from leaves har-
vested 17, 22, 25, 28, 32 and 36 days after sowihig was performed
according to [Bahe ¢ al, 20021 Plgments were extracred from
isalared thylakoids in medinm consisting of 90% methanol/02 M
Ammrniam acetate (901 v vl and 102 éthyl acetate; centrifuged for
Zimin at 20,000 > gand analyzed on a Nocleosil column [ET 250/8/4,
300-5,C18; Macherey@Nagel, Duren, Germany ) by HPLC. applying a
gradient according to Krauy ot ol | 19 Reversed plase HPLE was
performed on an Agilent 1200 Senes HPLC system equipped with a
photodinde array detector and controlled by Agtlent ChemStation
software,

A. Chlorophyll content
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Fie 2. Levelsofchl car and proteins meagured in sevoodary harkey beaves harvested
18,20, 23_ 27, 31,35 and 32 dayw afver sowing. The dars are shown as mean = 5E
andl expresied & mg pee gram of leaves fresh weeight for cae and chi, and o mg per
il e Twine serum slbusmin for proteins i isolsted chylakoids suspended 1o abtain
chl concentratson of | mgiml

Resulis
Chilarophyll amd caretienoid quantificotion

Decrease o the amount of chl is one of the earliest markers
of leaf sencscence, Chl is degraded and its. degradation products
are transported into vacucle, For this reazson, measurement of chl
content can proyide useful information about the progress of sencs-
cence. Chl content in sccondary barley leaves harvested 18, 20,
23,27, 31, 35 and 39 days after soiving was measured. As shown
i Flg. 2, the chi level in secondary barley leaves stavs relatively
constant for 20-27 days after sowing, the perind topresenting
matire phase of leal growrh. Follawing day 27, chil content started
1o decline significantly, falling to 374 of its highess value, Taken
together, these results establish day 27 as the time point for onset
of senescence, Chl level was also assessed in dark Incubared leaves
and conepod, Obexined eesult show that chi level was significantly
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Fig. . Firgt thee cabumns repeesent fevel of chl, car and progein jo dask inculbutied
hearves and contiol growe winder mnormil lght. Duta ae expressed ds mg per gram of
Freah weight Tof car s ol aiwl 33 mg per ml af Boselne senam albsumin for proteiin

i ipolated thylikoids suspended to obtain Chi concentration of 1 mpgimi Last two
[ Impresenta | ooyt tranaport pasameter W) for 16 SASL and
5 SASL for the weme tamples

lower in leaves that were incabated in darkness in companson 1o
control grown under normal conditions [Fig. 2),

Carare important structural elements of several photosynthetic
subunits; thus, changes in compasition of these pigments can
result in structural modificarion of thylakoid membranes. Spectio-
phatometric assessment of total car from secondary bacley leaves
[+ c=xanthophylls and carotenes) was performed to sce how
‘changes in carotenoid content correlate with changes in thylakoid
fluidity, Determination of total car showed copstant and gradual
decrease in carotenoid content from day 20 to 39, when carotenoid
content fell to 507 of its highet value (Fig, 21 To further elucidate
rhe contribution of different car on changes in membrane fuidity,
4 HPLC analysis of 4 distinct car B-carotene (B-car). lutein | Lut),
violaxhantin (Vx) and neoxanthin (Mx) was performed, Obtained
results show that levels of Nx, Vi and Lur in relation to total chi
stayed unchanged until the very end of senescence when their level
increased whicli can be atnvibuied 1o significant decrease in the
level of total chl. Contrary to this. level of Bocar was increasing
gradually with aging of barley, reaching a 10-fold vatue ar the day
28 when ir started to decline (Tabile 1)

Protéins in senescent leaves

Rewlts of proteins analysis from isolated thylaboids ane pre-
sented in Fig, 2 1t can be noticed that after onset of senescence,
protein level in thylakoid samples started to decrease progres.
sively, Singe chi Tevel was the same in afl the samples we can
conclude that degradation of proteins ovours ar faster rate in com-
parison with chl degradation. Measurement of total proteins in
thylakiolds fron) dark incubsted beaves and their control showed
that protein fevel in thylakoids from dark incobated Teaves was
sigmificantly lower in comparison ro contiol (Fig %1

Tahie 1 '

HPLL analysls of car Bcar, Lut, Ve and Mx and chiorophylls A (Chla) and B (Chil)
eapressed a5 mmaolimel of tedal ohi in thidaknads solated from decomndary barley
Teawes barvesved 1722, 25, 18, 12 and 36 days after sowinmg.
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Fig. 4. Time dependente of outermant splitting paraimetee 24, far 5 GASL doped
imte thylabioid nwembaanss isolated foam nabarally grown beaves anid measaned a8
difleveny ternpreratures

EFPR resules

Changes m the Hwdity of thylaked membranes from matare
and naturally senescing secondary barkey leaves, and duoring dark
induged sepescencoe of these leaves wiene investigated by the oval-
wation of the outernvivst spiicting parametet 24y For S-5A5L(Fg 1)
and rotational correlathon times g and ra for 16-5A5L The val-
ues of 24" for 5-5ASL and of the rotational correfation times for
16+ SASLdecreased significantly indicating that fluidity of the mem-
brane ivcreases i the headgroop area of the membrane (Fg. 41, a5
well asin the interior [Fig 51 The effect was more pronownced after
the onset of senescence Cafter 27 th day when chi conrent started (o
decrease ) and was consistent over a temperature range of 19-31 C

Croygen transpoit parameter (W) was alse vied 1o moniror
the changes b the membrane fuldity duting sencsdence. As itcan
b seen b Fige, 6, the values of Wix ] obtained using both spin-labels
increase with the age of barkey. This Indicates an easier diffusion
of oxygen within the menibrane and a higher membrane Muidity,
which is conststint with the results of the conventional electron
paramagnetic resonance (EPR) expeniments. Also, the changes in
the membane Muddiny expressed by Wix) were more profiounced
i the membrane center than in the headgroup region

To confirm thar membrane fluidity increases diuring senesoence
of secondary barley leaves, we induced sencsconce artificially by 5
days dark incubation of 24 days ofd intact plants. Fig, 7 shows the
temperatune dependence of the outermost splitring parameter 24,
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Fig. 5. Time dependence of rotatioaal correlation fimes T (lefth and ro (ight) e 10 SAS1. doped lnto thylakobd membranis molated fion naturally grown leaves and

impsiured ab Hiflereild fempei shues

of 5-5A5L1 incorporated mto thylakow! membranes solared from
dark-incubared and conrrol leaves. A significant decrease |n the
value of 24 paramerer for dark-incubared leaves can be observed
at all temperatures indicating the higher fuidity of these mem-
branes. Similar results were obtained with 16-5A5L, where the
rotational correlation tinves Teg and Tae were shorter Tor dark-
Incubated beaves at all remperatures (Fig. 8], Ouygen transport
parameter was also measared and obtained results wene signif-
iwantly higher for dark incubated leaves for both spin probes
indicating higher membrane Muidity (Fig 3],

Discussion

Previous studies have demonstrated that there is a significant
decrease in bulk lipsd Muidity of plasma and microsomal mem-
byanes in different plant fissues with advancement of senesconce,
These esults were mostly obtained by monitering changes of
seledted parameters of fsorescent and paramagnetle spin prabes

o
! el - —d &
E‘E‘i T — 4
i1—— —
§§ T = '!'.!' y

Dy wfter sowing

Fig 6. Oxygen transpoet parameter Wix) for 15 SASE {2) and 5 SASL{C) measiced
for thylakad membeanes isolated from natarally growm baves,

incorporated into the membranes [ Mokermsie e al. 1978; Leshem
weal. PORA; Legee otal, 1982 1986; Roberts et Al V987 L Lintle work
was done with thylakoid membranes and ondy one study reported
that with advancing age the bulk lipid Buidity of thylakoid mem-
branes did not show any significant change (McRae ot al, 1985),
This 5 somewhat surprizing considering all the changes that occur
in thylakoids during senescence,

This waork shows that dunng senescence of secondary barley
leaves there are significant changes In physical properties of thy-
Jakaid membrane, Changes in the lipid Muidity were investigated
by EPR-spin labeling using conventional spectral parameters and
by calculating the oxygen transport parameter Wix), Molecular
oxygen & a good probe of lipid packing i the membeane due to
lts =mall stze and appropriate bevel of hydrophobicity [ Subezynakl
et al 007 Parameters of EPR spectra of both spin labels used in
this study indicare that with senescence membeane Mubdity of bur-
ley thylakoids increases in the headgroup area of the membrane,
a1 wiell a8 In the interion, It is worth to emphasize that the fuid-
ity changes were more propounced in the membrane interior. The
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Fig, 7. Temperarare depersdence of an ootermost splmning of 5-4A51 doped o
thylaknid membranes isolated from daci-indoced senescmg leaves [ & | and comtrol
jerosvm in lighst (£1h
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oxygen franspart parameter also incoeased with aging of barley,
indicating casier diffusion of oaygen within thylakold membrang
and irs higher Muidity, consistent with the EPR-spin labeling data,
When we compare the changes in membrane Quidity with those in
pignent and protein content, it seems that the first sign of senes-
cence is a =light increase i membrane fukdiny, which is observed
on 20th day after sowing already, Later, afier 27th day, the changes
in Muidity ane more significant, which comesponds well with the
chl, car and proeein loss, Changes in fluidity may affect different
processes taking. place (0 the thylakold membrane, For example,
activity of enzymes such as violaxanthin de-epoxidase depends
on mermbrane ity (Ll e al, H02, 2002 ) Vielaxanthio
de-epoxidase plays an important role in xanthophyll cycle pro-
tecting plants against excess Hght and oxbdative stress, therelore
decrease inirs activity imay lead to oxidative damage to the thy-
Lakoid membrane as well as to the photasynthetic apparatus, If
was shown that when the membrane fuidity & too high, vielax-
anthin de-cpoxidaze has a limited access o irs substrate due to
the not favorable arenration of the pigment | Latowadi etal 20021
Also, increased axygen diffusion, as proved by measurements of the
cpgen trangpoct parameter, makes unsaterated galactolipids of
rhylakeid membrane more susceptible o peroxidation. Increase in
miembrane Mldity during senescence was further confirmed when
senescence was induced in mature secondary barley leaves by dark
Incubation, Incubation of leaves in darkness is ope of the most com-
manly used methods for induction of senescence and it would be
Iriteresring to see i the same changes ocour during the dark induced
senescence, Such leaves shiowed higher membrane Huiditg and eas-
jer diffosion of sxyoen in comparisan with leaves of the same age,
groown under light conditions. Values of ratational correlation times
for 16 SASL and outermost hyperine splitting for 5 SASL incorpa-
rated into dark mduced senescent membranes were significantly
lower incomparizon tovalues of control membrancs, while oxyigen
transport parameter increased, Also, increase in the membrane flu-
idity observed when senéscence was induced by keeping the plants
in the dark was considecably higher than that when senescence was
accurring naturally. This may sugiest different changes that occur
during these two SEnescence Processes.

Changes (0 the membrane flinidity of barley secandary leaves
were compared with changes o the levels of car and proteins,
which are known to modify membrane fluidity, Thylakoids have
unbgue structure characterized by high degree of unsaturated fatty
ackds and high protein content, When a farty ackd. spin labed is
incorporated into the thylakoid membrane, i can be focared in the
bulk lipid area or near the integral protetn (Mareh wnd Hordiih,
1590E]), These two location sités have different membrane Ruidity,
Sites closer to proteins are bess fluid becanse the proteins pene-
trating membrane interior have expased hydrophobic amino acid
side chiains on their surface which favors more ordered lipid strwc-
rures i the microenvironment of such proteins, Furthermoee, the
increase i the proportion of proteins. may result in an incroase
in thit numbier of motionally restricted lipid molecules and 0
the protemn-trigeered formation of hpid domains with restricted
rodational pability {5trealis dod Subczyiniki, 1981 Serralka and
Machowive, FRSE: Li ot 2l 1580, Also, the lipid to protein ratio
regilates the Nukdity of membranes and a decrease in this ratm is
an indication of 4 more dgid environment (Quartacel of al, 19951
Measurement of thylakold proteins showed marked decrease in
protein content after inductinn of senescence in barley (day 271
which correlares in time with the marked decrease in memboane
fuidity. The same changes were observed in dark induced leaves
i comparison o control, Considening thar thylakoid membranes
are compoted of 60-65% protein and 35--40% lipids, it is justified
o postilate thar the increase in membrane fluidicy with advancing
sencsceiice can be attributed ta a decrease in the amaont of pro-
veins inside the thylakoid membrane, Anather factor contributing
tor rernbranee Muidity is the level of mtal car, Ouricom et al, (19587
anel Ouresson and Wakaran| (1994, proposed thar car conbd be nat-
wral regulators of the fuidicy of prokacyoric membranes that de oo
contain cholesterol, Indeed several studies showed thar car played
an important role as regulaters of membrane fuidity (Graseck)
and Spraalka, 199 L Havauk and Gruszeckl, 1963 ; Taidy and Havanx,
1647 ), Study by Gruszecki apd Strealka and other authors demon-
strated light induced changes in membrane Nuidity. which can be
explained by the membrane-modifying effect of bath carotenes
Uerowsha et al. 1994: Sergalka aml Grdzedki. 1994) and xan-
rhophylls-(Grisrechl and Strzalka, 1991 frzalka aod Gruszecki,
1807 Kosted ks Gugala ot al, 2003), These results were confirmed
iy Tardy aned Havanas [Tarndy anid Havaw, 1997, who showed thar
zraxanthin(Zea) exertsa nghdifying effect on thylakeid membranes
of higher plant chioroplasts, The Zea-related lowering of thytakaid
membrang Huidity wat observed both in membrane interior and
membrane surface. The vgidifying effect of fis xanthophyll was
alzo devermined upon Incorporation of exogenows Zea Into o
lared thylakoid membranes [ Serzalka and Grusdecki, |%97) Taken
vogechier, a1l these studies indicate an impartant mle of car inmem-
brane Nuidity, Measurements of toral carotenoid content doring
senescence showed a steady decrease in the amount of these pig-
ments during aging of barley leaves, with the highest decrease
occurring after onset of sencsoenoe, In arder to assessed the contr-
Ervitdon of df| [erent car to changes in membrane foidity, carotencid
canmpositton of 4 different car in refarion o toral chl was assessed.
Investigation of carotenoid conpasition during senescence demon-
srrared steady state of most of the carotenoid pigments with the
exception of B-car which value increased steadily, reaching a 10
fold increase on day 27 in comparison to the start value at the
day 17. Values of the rest of the pigmients changed only, at the
very end of senescenoe process which can be attribited 1o the
decrease o the chil level, I we take into considerathon thag P-car
has physiological function in the Muidization of chloroplast mem-
branes {Srrzalba and Griseeckl, 1954) and thar the values of ather
carwhich exert more rigidifying effect ane unchanged untll the very
end of sepescence, we can assume that these changes are account-
atle for slight changes in membrane Mueditg that accur from day
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200l day 27, Over the same period the level of protein stayed rel-
arively unchanged which further backs this theory. According o
SteMiehey et ab (2007 |, an ordering effeer of car is accompanied by
4 strong antioxidant action, as seen for the dipolar xanthophiyll,
Astamanthin. On the contrary, monpolar car lke fecar and lycopene,
wihich disorder the membranes, act as piooxidants, cspecially at
higher oxygen concentration {Palozza et al. 2006; McNulty o1 al,
2007), Therefore, it seoms that in the system investigated in the
present werk, an increased B-car content 45 companed to xanrho-
phyils, accompanied by increased oxygen concentration, may cause
damage to the thylakowd membranes, Following day 27, increase
In membrane Mubkdity was more prominent, especially in mem-
beane interior which is i agreement with observed decrease in
rotal protédn and carotene level

Conclusion

We can conclude thar during narural senescence of barley there
Is marked increase in membrane fuidity of iselated thylakdids. This
increase is acoompanied with decpease in the levels of car and pro-
teins, which could e a contributing factor, Although the biskogical
it af these changes needs ro be elucidated, it is tempring to
spoculate that the increase in fluidity of thylakoid membranes and,
particularhy, in the oxygen transpart paramerer makes the senesc-
I membranes much moge susceptible to oxidative damage. Such
damage s expected to be further facilitated by the rediction in the
content of the membrane car, which are umn for thiir powerful
antioxidant action,
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ARTICLE INFO ABSTRACT

Artiche fahitory: This paper presents a detailed analysis of rhylakoids isokited from secondary barley heaves harvested 18,
Receiwed 18 March 2015 22,25, 29,32, 35 and 39 days after sowing [ DAS) Goal of the analysls was 1o investigate the production
:‘:'""d' ';mr:;“ 22 Jare 2085 of diffecent reactive oxygen species { ROS) during development and senescence of barley. Generation of

Available onling 14 July 2015

superaxide anion (0% =) and hydrogen peroxide {Hy Oy ) increases during development of barley reaching
the highest value right after the onsetof senescence | between 25 and 29 DAS ), thereafter the levelsof both
RIS staet to discrease natil 35 DAS when production of Hy Oy imcreases again, In comparisan with 0*;—

M’:“& Tty and Hylh genaration of singlet oxygen | 10y ) showed continuous production of low amounts thought the
Reactive cocygen spieies duration of experiment, Oxidathee damage 1o the thylakoid membrane was assessed by measuring lipid
SenciorTa peroxidation. Results showed gradusl incresse in Hpid peroxidation with progress of plant develogment
SpaNITApMng with highest incresse occurring at the late stages of senescence. A possible factor contrbuting to the

Time rezobved singlet cxypen apectrosooipy

elevation in the production of ROS coold be an increase in membrane fuidity observed in our prévious
stuty. Fluldization of the membrane, Mlovesfor better penetration of oxyien invide the membrane, which
can Jead to an increase in the production of ROS. Indeed, the production of ROS starved to increase together
with observed Moidization of the membrand from 22 to 29 DAS. Thereafter, production of ROS starred to
dechine till 350h DAS. On the Last day of the measurement, chi is at 25% of its indiial value. lipid peronddation
reaches the highest value and H; 0y increases again.

LU S mEevies Lamb. AN rights reserved.

1. Introduction

Leaf senescence is an important physiological process of higher
planes, and i3 often regarded as the final stage of leaf developiment
(Wreral, 20021 I s a highly organised process during which pro-
teins are degraded and nutrients recycled and mobifized to seeds,
storage organs afnew vegetative growth (Himelbilag and Amasing,
20001 ). Leaf senespence is particularly important for ceneal planis
Cereal plants that have a late enset and slower rate of leaf senes-
cence have been proven to nercase yield [Bopeell ot af, 20011 On
the ather hand, prematuce senescence indueed by stress rosults

Abbreviatieni: car, carotepoidy; chl, chiorophyll: DAS, days after sowang: EPRL
electran paramagnet i resonance; LPPs. lipd peroxidation products; ME, metrbesne
fluidity; PET. photosynthetic electron rransport; ROS reactive ouygen spocies.

* Corredponding author st Jageelbonian University in Mrakow Faculty of Bio-
chemiitry, Biophyiies and Biotechrmlogy Department of Plant Physiglogy. dnd
Biochenisry, UL Gronostaprwa 7, 30-387 Krakow, Poland.

£ ml mddness: kasitiipzeaioealiidnermad com (K Sirzatica).

o {fdacdeoe sl DOCVO0 iy iplphe 20 S.06 060
GG 1T O 2005 Elsevier GrabH. All dights rescrved.

redoced yield and quality i crops, Furthermone, plant senescence
can have negative effects on post-hanvest storage { Page et al 2001 ),
For this reason, a better understanding of senescence processes can
have beneficial effects on the productivity and quality of grain and
the storage life of harvested tissues,

Although in recent years there has been significant progress
in the area of leaf seiescence, the important regulatory mecha-
nisms af this complex process are not well understood, One of
thie major events in leaf sencsvence is the production of reactive
oxygen species (ROS1 These include relatively low reactive: par-
taally redisced oxygen species such a8 hydrogen peroxide (HaOg ),
superoxide 0Fy— an excired singlet oxygen molecube and the most
reactive—hydroxyl radicals (OH®) [Lew ot all 2003, Prochagkova
ot al, 2007 ) Most ROS in plant cells are formed dicectly or indi-
recthy via the dismurarion of superoxide, which artses as a resulr
of single elecroon transfor o molecular oxygen in elecrron transfer
chains principally during the Mehler reactions in the chloroplist
[Asaila et al, Y9745 Mehiorn 1951 L Other important sources af ROS
generation inchide: NADPH oxidases (NOX) commonly known as
respiratony burst oxidase homologs [ Rbohs) {Sagh and Flihe, 2006}
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am_i peroxisomes which have the capacity 1o rapidly produce and
seavienge HaOp and Oy [Sandalio et ol 2013] The formation
of ROS i3 generally considered o be 3 damaging process Giusing
oxuhatve damage o DNA proteins and membrane lipids. However,
they also play an imporeant role in cetiular signatling pathways
in plants (Ape! anad Hige 2000 L e ), 2009, Wl et 4, 2012
Seanpeci of Al JO0R) This s especially true for HyOy Transcrip-
tomic andlyses of Arabidopsiz plants have revealed hundreds of
Ha Oy -responsive genes (Y o Al 20000, while numerous stod-
ies demonstrated important mole of HyOy during the regulation of
various abiotic and blotic stresses (Ouan ot ol 2008 Furthermaore,
Hy O3 plays an unportant rode duning the senescopce process whore
frwas shown that it could be used a2 2 signal to promote seneicence
in different plamt species. and fo be part of a complex regulatory
network [Baekion @0 gl 20123 Importance of HaOs for many phiyé-

fologiedl processes is not surprising especially. if we consider its

propoities a5 the most stable and Jeast reactive ROS which can
easily eross the mombrane {Quan af al. H0E; Yay and Poivaiah

2007} and hasa hatf-life of Tms (Gochew o al. 06 2 In compar-
lsony o Ha0p 0%y has a shorter hall-life of approximately 2-4 s
[Gechey er.al, 2006, Tts potential to acr as signalling molecule is
Timeitedd bwe ins amablliny to pass through the membranes (Takalish)
anntl Ak, [083) aind quick conversion to Hyly in the presence’
of SO0 (Asada, 20061 Numerous studies reported an increase imn
the production of 0% 0 the course of patural and antificially
indoced sencscence (Mclae ond Thompson, 1983; Fastoni andl Del
Rie, 1007 ) and possble roles during senesconce (Searprad o 4l

2008 §and abiotic stresses { Rodiguez-Semano et al, 2006 ) Finally.
L0y 15 the most neactive with shoet lifetime of 3:0=39 s in pure
water [Kraggineaky, 19981 Nevertheless it wias demonstiated thar
13y b5 capable of diffusing 3 distance of over Z70mm in 1at nerve
cells (Shayasn i al, 2000 ) aned thar Y0y produced in the photosys-
tem Il is capable of leaving the thylakoid membrane and reaching
the cyroplasm oF evien the auchees | Frscher #0 all 2007 ) A= with
ather ROS, 105 has a dual effect, As an oxidizing agent it can peact
with vanous biological moleciles causing damage and leading to
celldearh (op dep Cnp el 2003 ) and it can also play 2 signalling
ol activating the expression of different genes (K ot al 2008;
Laloi gt al, 2007}, v was reported thag '0; i the main cause foy
senescenee-associated oxidative stress i the chloroplasts of sage
(Mummd-fiarchvet al, 2000 ) and that the mass geacration of smglet
oxygen was mieasured in the eacly stapes of hormone treated bardoy
[Speinger et al H15)

This ctudy 15 acontinuation of our previows work, I which we
investigared the physical propertics of bardey thylakoid membranes
chring e course of senescence, and how changes inthe levels
of different carotenoids and’ prateins impact these changes (it
ot abl. 2004}, In this article, we investigate the production of three
amain ROS; 003~ HyOs, and 'Oy during the development and senes-
cenee of barley leaves by using highty aitvanced methods for the
specific detection of ROS, These include electron paramagnetic res-
omanee {EPR} spin trapping and wse of time resolved singlet oxygen
spectioscopy, Furthermore, we will toy o link the increase inthe
prodiuction of ROS with the inceease in membrane fuidiny obscoved
in onr previous study and investigate damage ciused to the mem-
brane by assessing the magnimude of lpd peroxidation, whiich i< a
widely used stress indicator of plant membranes.

2, Materials and methods
A0 Planr vaoterial aed freatimnes
“Golden Promise™ barley (Hordémm valzore) was coltivited

Ingide the greenhouse under [oq!.;'-chy{ 1o by light/8 b dark ) condi-
thons at 220 18-C ar a light intensity of 150 0E In cereals such as

barley, senescence seems to be regulated at the leved of the ind-
widual leall Mutrients are mohilized Trom older leaves fo younger
leaves and eventually to flag beaves. For this reason we choose the
feaf that pinerges second aftor sowing (secondary feaf) as the mate-
rial for the expenments. Thylakoid membranes were isolated from
seconilary leaves harvedted 18, 22, 25, 29, 32, 35 and 39 days after
sowing. Each sample was an average of 10 secondary leaves and
was done in duplicate,

22 tolation of thybakond membranes

Thylakouds were isolated from barley feaves {16 g)as described
by (Rhirobnykie e 4l M002) with some modifications. in shor,
1.0g of beaf material was ground in T00mL of buffer A (pH 7.6,
04 M sucrose. 25 mM Hepes-KOH, 20mM Na(l, 5mM MuCI2) on
ice. The homogenate was filicred through 4 layers of cheese cloth
ained centrifuged it 500 = g for 905 the pellet was discarled and the.
supcrnatant was transfernsd into a chean rube and centrifuged at
1000 g Tor 7 min, The resulting pellet was suspended in Z0mL of
uiffier B pH 7.6 20mM NaCL 5 mM MeCly, and 25 mM Hepes- KOM)
for 1 min fobe osmatically shocked. Anegual volume of buffer €{pH
7.6, &M sucrose, 200mM NaC 5o MeCly,-25 mM Hepes-KOHY
was added. and the suspension was ceatrifuged ar 20000 g for
Smun. The peller was twioe washed by suspending im i buffier A,
foltovwed by contrfugation ar 20000 g for 5 mim. The washed poller
was stapended in 2 mi of buffer D (pH 7.6, 0.4 M sucrose, 20mM
NaCl 5 mb MglClz. 10 mM Hepes-KOH | and stored on lee. Al pns-
cedures were performed under dim green Hght and a temperature
ol d4-C,

23, Pigment quanrificarion

The prgments from leaves werne determnined spectrophotomis-
rically according o the following precedind [ Licheenthler and
Buscimann, 3H01). Approximarely 100mg ol secoindary barley
leaves was ground, placed In an Eppendord tube and. mixed with
1 mL of extractien solvent (804 agquoous accrone ). The suspension
was lefr for 20 ar -20°C and centrdfuged at 14,500« g for 2min
the supernatant was collecred, dituted fo an absorbance value of
0.5- 1.0 and measured 3t 649,665 and 470nm,

230, Measuremint of photosyithetic sléoron framnspart [PET)
capacity )

Photasynthetic eleciron tamspont (PET) was measured directly
with a use of 2 6-dichlorophe ol -indualphenal | BCPIP ) acconding to
LA and Hedies, 19863 When DOPIP accepis electrons, it changes
from a hilue to a colourkess state which can be monitored spec-
trophotenseteically ar thie wavelength of 590 nim. Measuremont was
performaed by iHumination of thylakoids ar 105 intervals with high
Nght andl peeaswrement of absorprion af 390 ome Reaction mediom
contained thylakoids diluced with boffer £ oo a chl concentration
of 10 jeg chl mL- " and 100 md DCPIP a5 electron domor or 1000wl
DCPIP weirh) 100 mM diphenyl carbazide (DFC ) a8 electron acceptor,
The same procedure was repeated with thylakolds suspended in

‘mixmare of dimethyl sulfoxde and buffer D80 DMSO, 200 buffer

07 o check the influcnce of DMSO on the activity of the eleciron
tramsport chain.

24, Devermumanion of superoxide anion

The superoxide anion [(0F3- ) was moeasured by EFR-spin trap-
ping wiing 5.5-dimethyl-1=pyoline:Neoxide (DMPO) a5 a4 spin
trap. Thie detection of 03— was peiformed according 1o [Vin
Diprsbaoy et al. 1950 ) with some modifications, lsolated thilakoids
[V img chifmlL) were diluted with DRSO to a chl concentration of
200pg ohl mL-Y. The reaction mixture (80T DMSO, 200 huffer
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[0} s miwed with 1 M DMPO toa final concentragion of 50 mM,
transferred 1o a fac ¢ell and illeminared for Smin at 500 pumol
quatita 12 5" within the EPR spectrometer MiniScope MS300
(Magnettech GmbH, Beling, Germany ), The EPR conditions wiore
as follows: 1000 me modulanion amplitude, 13mW micoowaee
power, SE gain. Each experimient was perdormed in triphicate and
mwadved an average of three scans,

25 Dererininarion of hydroesn peroxide

Hyip was measured Indirectly wsing twio different imethods:
clectron paramagnetic resonance (EPR) spin trapping and: looyo-
mwerric detection with Amplex Red.

EPR determination of Hy(s was accomplished by using an -
(- pyridyl-1-oxice -N-tert-butyiniteon [POBMN ) spay trap aceording
fin (Btubiaraidesfuing of 4l 20100 This method allows the detenming-
fion of HyOs by measuring the HaOh -devived Iydraxy! radical the
After initiation of the Fenton reaction. The méeasurcment was per-
formcd on isalated thylakolds i presence and absence of sodium
azidde [ NalN; ) ina reaction medbum pH 7.6 containing 0.4 M sucrose,
20mh Nacl, 5mM MgCla, 10mM Hepes-KOH and thylakoids 1o
a concentration of clilorephyll of 150 pg Chl mL-', The reaction
micdinm was illuminated with white light for 3 at 500 mol
quanta m~ &1 afrer which 50mM POBN, 504cM FeEDTA and 4%
ErOH were addedd. Ettaial and FEDTA were added immediarely
afrer the terminanion of (luminanon 1o prevent the membrane
being degraded by ethanal during illimbiation. Following a 3 min
incubarion, the sample was fransferred o alass capillanies and
measured wskng an EPR spectrometer, The EPR conditions werne as
followes: 1500mG modulation amplitude. 5 MW microwave power,
5 E gain. Each experiment was pedformed in tniplicate and involved
an average of three scans,

The enzymatic detection of HzOy was performed by usimg the
Amplex Red reagent, Amplex Red is a highly sensitive colourfess
fivarogenic probe, which reacts with HaOy in the presence of horse
radish peroxidase (HRPY producing Nighly Nusicscent resommfin
which has an emission maxinum ar 587 am., Measurement was
performed o isolated thylakaids ina reaction medium contaiming
the same Ingredients a3 listed above, bt with 4 chl concentras
tonof 15 pg Chl mb- b The ecaction mvedium was illinminated with
wiiite lght for 1 min 20500 vl guanta m-? s Vafrer which 5 o
Amplexitod and 0.2 undts of HRP were added, The sample was
Jeft 1o incubate for 1 min iside the Nuonmeter and Booresceme
wias excited ar S18am and the spectra were recorded berween
S50 and GO0 wm. The it widths of the excitation and the emis.
shon monochromators were set 1o 5om. A calibration curvwe was
recorded with known Haty copcentrations,

Z6 Decermmation of singler oxygen

The production of 'Oy during the development and senescence
of barkey was determined by direct spectroscopic measurements
(Kizinska ot 4l 20121 The experiméntal set-up has been described
cliewhere (Gonbializof als 20055 In breel, the time-resolved lumi-
nescence of 10y was méasured at 12700m n thylakoids isolated
20, 24,28, 32, 36 and 40 days after sowing All samples were ditured
with a 50 mv D0 phosphate buffer toachl concentration of 15
Chl mil=" ina one-cm fluorescence cuverte DA 1000, HelmaOprik)
Aand excited with 430 nm milijoule pulses (3,608 duration) gener-
ated by o Nd:YAG Taser (Expla NT 242, Expla, Vilnius, Lithuania)
orperating A1 4 1 kHz tepetition rate. Near-infraved hpnimcicence
was measored perpendicularty to the excitation beam na pho-
fom countimg meode using a thermoclectric-coaked NIR PMT modile
(Model HT0320-45, Hamamatsa, Japan ) equipped with an 1100-nm
cut-olf filter and additional selected parrow: band filiers (NB serles,
NDC Infrared Engineering LTI, SMaldon, UKL A computer-moatmted
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Fig 1. Levels of edorophyl) measuted - secondary bariey leaves harvssred 18, T2

25, M 31 35 and 30 dayw after sowiing. The daza dre shown as mean £ SE and
enpreased s g pet gra of keaves freah weight

PCI-board multichannet scaler was used | NanoHarp 250, PicoQuant
GanbiH, Berlin, Getmany |, First-order lominescence decay firting by
e Levenberg-Manguardr algorithm was performed by custoim-
written software, b order to confirm that i fact we are measaring
Y0y, luminescene of the same samples was measured nthe pres-
onee of MOy quencher sodiem azide, and ourside the specrral range
aof "0z emission, l.e.ar 1355 ank

27 Deverrntnation of lpid peroxidation

Thee TBARS [ 2-ThioBarbiruric Ackd Beactive Substances b assay is
thic most widely employed method for the determination of lipid
perosdadation in biolgical samples, It is based on the spectmphoto-
metric measurement of the matondialdehyde {MDA], a secondary
el prodiect of the oxidation of polvunsaturated Rty acids, which
reacts with thiobarbituric acid (TBA) giving a product with a peak
A0 532 iy, Lipad prroxiclation products (LPPs ) were detesmined in
secondary bailey leaves of differentages according ro(Hodpes ot al,
Iy PMant Hssoe was ground with a movtar and pestle in 90
EROH (110 PW:mL] Following contiifugation at 14,500« g for
3 min, 0.5 mL of the supematant was supplemented with 2.5mb of
20 (wefv) trichloroaceticacid (TCAL o, when indicared, with 205
{wiv) TCA containing 1% TBA. The above mixtures were heated for
20 min at 95 -C and hydroperoddes were détermined by subtract-
ing the absorbance at 532 nme al'a solution containing plant extract
incubated without TRA from an identical solutkon containing TBA
according to the following equations:

[{Abs532 mm - TBAS — (Abs600 nm -+ TBA] - | Abs532 nm - TEA
~ AbsBO0 i ~ TEA]| = A [1]

| Absddll i = TBA — AbsBO0nm + TBANL0571) = B (2}
MDAcquivalentsinmol mb 1) = (A =B/ | 57000)10° 3
3. Results

LI, Chloraphyll quantification

A decrease in the smount of chl és one of the earliest markers of
Jeaf senesoenoe. Chiis degraded and rhe products of thie dearadation
Arg fransported into a vacuole (HHytenste s sl Keanther, 2000 ),
For this reason, the measurement of chl cantent can provide useful
wformation about the progress of senescence. The Chil content in
secondary barley leaves harvested 18, 22, 25, 29, 32, 35 and 30
dhays after sowing was measured, As shown in Tig §the chil hevel in
secondary harley leaves rises from the (nitial measurenient up o
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Fip . (a) PET capaciry of ithylakoids isolated from barbey leaves of dillerens age. AN sampdes wore messured with DCTTR and in the presence (+].and absence |- ) of DCR. ()
ahovws PET capaciny of thylakoids suspended in DMSO measured with DCPIP and ot the presence Lol and shseivoe [ - Toll DEP, The data are shown asmesn & S.E and expresied

s mamber ol electioms received during the perood of 104

25 DAS, the period of the mature phase of leal growth. Following
chay 25, the chl content started to decline considerably, falling on
day 39 to approse 24% of irs highest value, Taken together, these
results indicate that between 25 and 29 DAS is the critical period
for the onsel of senetcence.

LI L. PET capacity

Changes in PET capacity were measured directly in isolated thy-
lakatds supplied with electron donor DCPIP and Later repeated with
the additionof electran acceptor DPC ac high light intensing(Fie 2al
Measureiment of PET capacity froum thylakoids isolated at -differene
stagesof barley development showed Hotle changes with time fodi-
cating that the activity of PET chain changes litthe with development
and senescence of barley, FET capacity of the same samples with
DPC was comparable, so we can conclude rhat the PSIactivigy was
limited by phoroghemical step rather than by water splitting com-
plea PET capacity of the same samples suspended in the mixture of
DMSO and buffer D was approximately two times lower indicating
that DMSO has negative (nfluence on quality of thylakeids (Fig. 2b)
Huowever, PET capacity was still measurable indicating rhat thy-
lakuids stspended in DMSO can be used for measgrement of ROS
priduction

1.2, Superoxide anton production ia thylakoids

The light induced production of the 0*3— was measured i a
DMPOYIMSO reaction mibsture, The 00— generated during the (Hu-
mination reacts with the DMPO spin trap creating a DMPO-OOH
spine adduct which can be detected with EPR. Fip 3 represents
typical spectra of DMPO-OOH superoxide anian radicals mea-
sured in thylakotds luminared with 500 ool quanta m? s of
white light isolated from barley leaves of different ages: Simula.
tion of spectra was performed, resulting in correlation coefficient
0.96535 which confirms thar obtained spectra belongs 1o superok-
i amon radicals. Obrained hyperfine splitting paramereres wene;

e YT iy

— 1 iy

—tity (i

Fg L Repeesentative spectra of superontide anion radical measured i thylslasds
olated from barley Teaves of different ages and in 1hie absence of thrylekosds. Thy-
Lsknids wete suipended to the concentration of 200 g ml of chl end ihuminated
foc 5 ersin with 500 uined gusnts m ¥ 3 of white lighe

anl=12,899, ahl =10,335; ah2= 1357, The values of 0%~ pro.
duced during barley development were expressed by evaluating
the height of the signal recorded in different samples, shown In
Fiz. 4. The production of 03— increases during the development of
Barkey and reaches the bighest valse 29 DAS, which | righr after
the onsct of senescence [between 25 and 29 DAS) if we take chl
content as reference marker (Fig 1AL Thercafrer, the production of
0*3— starts o gradually decrease.

1.3, Ha0p production in thylakods

The generation of Ha0y in thylakoids isolated from secondary
Baihey Teavies was measured indirectly by emploving a POBN spin
trap, POBN. reacts with the secondary radicals which are gener-
ated by the interaction of OH* with ethanol, and hydroxyl radicals
are formed via the Fenton reaction. The secondary radicals formed
are relatively stable o-hydroxyethyl-POBN adducts, which can be
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Fig. 5. Spectounm of Hyy-detwed ydrosd radical sdduce nseaswied m thidakoids
isodated Trom basdey' leaves harvested 23 days after sowing (ol Thylskoddy weie
wuspended to the oondenti st of 1 50 pgiml of chl and illuminated for 5 min with
500 prtiof guantam * 31 of white light. (0] and {c) iepresent the same samphe
reconded in the dark (b and in light without the FeEDTA (el
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Fig & Productiom ol Hy Dy -derived ydnoaid vadical in o natied barkey i akoids
measiared by spli trappang EPR spectroscopy dunng the developnssist of barley sec-
ondary lesves. Samples wore medsoned in presence [+) and absence | - 3 'od sodiam
aride, Themean amd standard devistions of ¥ meassmerients are 3hown.
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determined by EPR spociroscopy. Fle 53 shows the EPR spece
rum of the HaOg <deiived carbon-centred radicals trapped by POBN
obtained from isolated thylakolds exposed to 500 pmol quantam-—=2
o1 of whire light for 3 min. No sipnal was obtained in the dark
(it b andd incthie flominated sample i the absence of FeEDTA
(Fig 5cl which indicaros chat OH* radicals originate from the Ha0y
generated during the ilomination. Frg 6 'shows the production of
HaOg-derived radicals during the development of badey secondany
leaves between 18 and 35 DAS with (+) and withoot | —) NaNj.
It s apparent that the production of Hald; incredses duning the
development of badley reaching the highest valie 25 DAS. There-
after, produdtion of Hy(y was temporally decreased and Increased

H202 eancentration (ph)

nu-mmiﬂiﬁﬁﬁ

wle n32 ] =32
Dm-h:lnwh: [mas)
Fig. 7. Preoduction of & HyD; -detived hiydroxyl tadicsl in batley thylakoids nea-

pured by Amplex Red fluotesoent proba during the deve lopment ofbarley secondary
beanars. The ean and standand deviations of 3 measreinonts ap shawdn

again in the late stages of sencscence when el levels had already
diminished substantially. Comparison of HpOq production in sam-
ples illuminated with aoed withoo! NaMy showed J strong increase
in hydeogen permgde prodisction when NaNg was present in the
reacrion medium The effect of uncouping was more pronounced
in younger thyltakoids. Expressed in numbers, production of HzOn
was 248 times hgher for day 18: 246 for day 21; 204 for day 25;
181 for day 29; 1.78 for day 32 and 178 for day 35, In parallel, the
production of HyOp was detesmimed by using Amplex Red which
reacrd with HaOg creating a product that can be detected witlh )
flusrimeter. The determunation of HaOp with Amplex Red showed
stmitar results | Fre 7), HaOg increases dunng the development of
harley reaching the ighese valoe 29 DAS: Thercafter, the produc-
tion of Hyy decreases and finally incneases at the lae stages of
senescence. Moroover, these results further confirms thae CH® rad-
wals measured with EPR spectroscopy indéed origmate from the
Hap generared duing rhe dlumbnarion.

34, 10y production m thylakods

Although in condensed phase, in the absence ol appropri-
ate chemical acceptors, 'Oy predominantly decays via thermal
relaxarion, and very weak phosphorescence, contred ar 1270 nm,
accompanies this process | Kommsia ov al. 20102), The intensity of
this cmission is propormional to thie momentary concentration of
singler excveen, Depending on the solvenr and the local concentra-
rionafsingletoxygen quenchers, the 1270 mm luminescence decays
with a characteristic time constant. fn g & luminescence decays
i samples contmning 4 suspension of a thylakowd DyO-phosphane
buffer, ave shown at 1270 nm 1355 noand wirh NaNy, after excits-
tion with 420 wm micrmonle pulses, All thiee liminescence decay
curves exhibit significant intensity right after the laser pulse; this
could be attmbured o the residual flvorescence of the photo-
synthietic system anil, perhaps, tood scatteng of the laser light.
However;at longer times, particularly between 0and 50 microsec-
ok, the b decay curves recarded at 1355 nmvand i thi presence
of MaMy significantly differ friom the one recovded at 1270 am. The
higher luminescence infeasity m this time domain, observed ar
12700m; 15 due ro singler oxygen phosphorescence, which shows
an apparent lifetime of =55 ps. The measurerent of singhet oxy-
aen phosphivescence was carried out in 4 DyO-phosphate buffer,
m which the singlet oxyeen lifetime was repocted to be 50-60 ps
(R o1 sl 2002) The shorened lifetime of singlet oxygen
indicares that it Interacts with the guenching molecules present
i the microenvirenment where this reactive oxXygen species 15
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Fig 8. Production of 'y in basey thylakolds measured by time qesakeed singlet
corype s apectroscopy duriing the development und senescence of barley secondary
leaves. The maean andd standard deviations of 3 measurements ae shown

photagenerated. Fig @ shows the production of "0y during the
devielopment and sencscence of secondary barley leaves between
20 and 40 DAS. Theooghout the entiee peciod. a similar low pro-
duction of Y03 can be detected, with practically no changes in the
yield during the induction of sepescence and ar the final stages of
the seMescenos process.

2.5, Derermurserion of lpid peraxidanion

The decomposition of Bidmembranes. including the degradation
of membrane lipids is one of the major events in leal senescence
[Mciae er sl 1985] Several studies have demonstrated that with
advancing senescence there fs a notable increase in the fevel of LPPs
{Berger of al, 2000, Zhame ef 4, 20101 For this reason lipid per-
mddation iz a widely used stress indicatar of plant membranes:
The characeeristic feature of thylakoid membranes |s the abuy-
dance of polyunsaturated farry acids that ave prone (o oxidative
degradation (Cirodl, 1990) The extent of lipid peroxidation was
assessed by 2 THARS assay which measures the Jevels of MDA An
increase in the MDA level is indicative of elevated lipid peroxida:
tion. especially in green Ieaves which have relatively high levels
of polyunsarurated fatty acids with three or more double bonds.
The results reparted here show a gradoal increase in the amount
of tipid peroxidarion produces with progressing plant development
with rhe highest increase occurring at late stages of the senescence
process when the amount of LPPs was three times lugher than on
thie first day of the measurement [Fig 101

M

L -

mig  wId L 15 =¥

Darys after sowing (DAS)

Fhe 10, Lipld perosidation prodiscts mosecondacy barley leaves. Plant thosue was
ground by a mortar with 1:10{g PV mL) 90K ErOH and hydroperaxides were deter-
mined by subsrracting the absarbance at 5332 nm of 2 solokkon contamng plant extract
imcithazed withenn TEA From an ldeéntieal soluthon contalinimg THA.

4, Discussion

Leaf sepescence in many plant species is assotiated with an
increase in the levels of ROS, In plants, ROS are formed as by
products of the acrobic energy metabolism and when plants are
expoted to vanous beotic and abdoric stresses [Tar or al, 30007,
Lincher normal conditions, dee 1o the action of antiexidant enzymes
and small-molecule antioxidants, the cellular fevel of ROS is fow.
This balance can be disrupted by 4 depletion of antioxidants ar
excess production of ROS, leading fo axidative stress, and ¢on-
sequently to oxidative modifications of cellular macromolecules,
peridarion of unsaturated lipids and membrane damage [Rio
ef al, 19981 In this study, the light-induced production of Hy0p
and 003 - was studied In thylakeids tsolated from seconlary barley
beaves in the course of their development and senescence, Changes
in the production of HaOg were investigated by rwo different meth-
odds, EPR-spin trapping and luorometric detection with Amiplex Red
which iscomplementary to EPR-spin trapping. Tha results obtaimed
wiith both methods wewe guite sioailar and they indicate that the
production of Hy05 s already detecrable on the 18-th DAS, which
Is hefore the oniset of senescence which occurs somewhere between
25 and 29 DAS, After day 29, the production of Ha0 decreases anly
o increase again at the very end of the senescence process. This
kind of pattern was atready observedl earlicr inAralidopsts thaliong
in an independent Study (Zimmermani et 4l 2006) where HyOy
levels inereased durmsg bolting and Nowering and i the very late
stages of senescence, Somowhat similar results were alzo published
by { Bicher ot al, Z013), where Hz05 levels were found 1o increase
during the baltmg and fowering time, with no increase in the very
lare srages of senescence. Our research forrher confirms the imipor-
tant role of Ha 0y during leaf senescence n two different aspects: as
asignal molecule for the induction of senescence and in the degra-
dation of molecules in the later stages of senescence, Measurement
of Hz0y In the presence of NaNy ag UCoupler revealed substantial
inerease i hydrogen peroxide production, The effect of unooupling
was especially distinct in thylakeids from younger leaves having
more rigid ancl more coupled membranes. At later stage of senes-
cence, when thylakoid membranes become more fluid and more
leaky, the effect of uncoupling although still presea, is not so pro-
nounced, The results indicate that Hy O formation inchloroplasts is
strongly connected with the activity of thephotosyntheric electron
transpott and Turther confirm conclusions from our previous study
whtre increase in membiane fuidity during senescence of barley
was abserved [lajid ot all 2004) The estimation of 0%~ by the
EPR-spin trapping moethid showed thar the production of 05— is
detectable as early.as 18 DAS, reaching the highest values at 29 [AS.
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Thezeafter, the production of 0%~ decreases, |Fwe compare the
progiuction of 03— wirh that of HyOp we can see that the prodie-
tion of bath ROS: is comparable until 33 DAS when the production
af HyOp starts to dnceease, which Is oot the case with O3~ Major-
iny of HaOs produced in plants comes from the dismuoration nf 023~
in photosyntheric electnon rransport chain with the invabvement of
SO0 Asada, 2006 L Other important saurces of Hay Oy production ane
prroxianws which have capacity o rapicly produce and scavenge
Hy0y and 0=~ due to the presence of many antioxidants in these
organeles {Sandslo or b 2000 3) and NADPH oxidases located ar
thee plasma membranes [Sage and Fluly, 20061 Since the produe.
tioay of HzOs by iliaminand thylakords till 35 DAS is comparable o
that of 03 -, we can assume that the majority of Hz0; produced
up to this point orginates from the dismutation of 0F2— in pho-
tosynthetic electron transport chaii, Alter day 35, the production
of Ha0y increases which could be a eomsegoence of an mcrease in
the production af Hy0y from other sources.and a disturbanee in
the fing-tuned network of enzymatic and low-molecular-weight
antoxidative components which provent the excess accumulation
of Ha03 The production of 10y was measuned by direct spectro:
sopic mcasurcments. Our resulrs indicate that there is continuous
protkustion of fow smsnnts of stneler oxveen dunng the develop-
ment and sencscence of barley leaves, Since the amount of chl was
Kept arche same bevel i all samples, we can conclude that the pro-
duction of Y0z depends mainly on the chl content, The same results
wiere observed ina recont stody by (Springer e al 2005 wheve in
‘paturally senescing plants there was contineous production of fow
amounts of smglet oxygen, while a mass generation of singher oxy-
gen was measuied in the carly stages of hormmone reated barley
which then dectined.

Ina previows study we-have demonstrated thar during senes-
pence there is 2 marked increaso m thvlakold membrane fluidity in
bartey laji of al 20V4Y, This mcrcase was mostly attribused toa
decrease in the level of Carotenotds and proteins, which are known
to stabilize the thylakoid membraneé (Coceckiand Strzalicn 1991
Grmreckd and Stezabka, 200, Storalka amt Machowicz, T
Strzalka and Subcrypsii 1981), It is tempting 1 postulate that
this increase in membrane fluidity could be one of the matn fac-
fors contributing to the merease in the production of ROS, The
more fluid the membrane is. the ore cfficient oxygen diffu-
slon inside the membrane, and, comsequently. the higher ane the
chancés of getierating BOS (Subcaymdd ot al. 1989, 005, 2010),
tadeed, it was demonstrated that e production of Hzt; strengly
depends on the presence of oxygen [Pusplall of 41, 2004). Funter-
muore, membrane fuidity play an important role in the functioning
of several membsane-locatizéd processes, incluling: the santho-
phiyll cycle (Latowskd e 4l 2012, 2002). It weas shown that the
Acorss of viokisanthin de-cpoxidase to its substrate, violaganthin,
depended on membrane Mutdity, Since the carotenolds of the xan-
thophyll cycle protect plantsagainst an excess of ight and oxjdarive
siress; 4 devrease in this cycle's activity may lead o an increase
in ROS production and exidative damage o the thylakoid mem-
branes. This, coupled with enhanced MF, canmake the unsaturated
galactolipids of the thylakoid membrane more susceptible o per-
axidation. Indéed, the level of LPPs started to increase at Fhe same
time point as the Muidization of the mentbiane aod the prodie-
tion of ROS, with the ighest amount found at the very end of The
AT et

Combimng the results of our previous study with those of the
pricent study, we can propase the following scepario toexphain e
changes that occur to thylakoids isolated during the development
and sencscenoe of secondary barley leaves, The fivst changes that
occur from the beginning of the measurement till 25 DAS, while the
beal is still developing and the chl level is stiill rising, are increases
I MF, [ the production of ROS and in the accuomulation of LPP:,
Fluidizanon of the membrane facilitated by an increase in the fevel

of f-cavotene (it ot.abl, 2004), allows for a better penciration
af oxygen inside the membrane. Oxygen can then be reduced by
the photosynthetic ¢lectron transport chain {PETC) in chloroplasts
vesulting Lo the Tormation of ROS. and. consequently, in axidative
damage to the membrane Hipids, which can be seen as an increase
in thie level of LPPs, From 25 DAS nll 29 DAS, the production of ROS
i% at the highest level, which resules in oxidative sreess and damage
to the cellular macromolecubes. Levels of pratein (not shownj and
pigments srart v decrease, wiich coneributes to lurther Nuidiza-
thon of the membrane, while the level of LPPs continues toancréesse.
Following day 29, the levels of BOS start o decline slowly, Proteins
and pagments are further degraded; LPPs continue 1o rise, Finally,
on el Last day of measurement, 39 DAS, senescence ¢uters the lsr
phiase, and chiis at 253 of its inirial value, fevels af LPPs reach the
highest valie and HaO increases again, which contributes 1o the
final degradation of the coll structure.

5. Conclusion

Results of oaur stody show that there are cléar differences
between the productions of mdividual ROS insolated thylakoids.
The production of HyOx and 0°3— showed the greatest changes
with the development of barely and the advancement of senes-
cence, wihile the preduction of '0s srayed at similar low levels
thiough the experment. We can assume that different capacity of
isolared thylakolds Tor production of ROS during develapment aml
senescence of barley can play important role in ROS signalling,
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