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Abstract – Drought is a limiting factor in fruit production today. Identification of sour
cherry genotypes tolerant to drought will enable the sustainability of fruit production. The
aim of our study was to select sour cherry genotypes according to their genetic background
as well as drought tolerance and investigate possible mechanisms of drought tolerance
through the changes in photosynthetic apparatus (i.e. photosynthetic pigment content) and
photosynthesis process assessed through the chlorophyll fluorescence transient. All of
them together with molecular markers (SSRs and AFLPs), relative water content (RWC)
as indicator of plant water status distinguish two genotypes (Kelleris 16 and OS), which are
the opposite in regards to drought tolerance. Down-regulation of photosynthesis in
drought-treated Kelleris 16 plants was seen as changes in antenna complexes of PSII (de-
creased total chlorophylls content (a+b) and chlorophylls ratio (a/b)). Despite unchanged
maximum quantum yield of PSII in drought-treated leaves of genotype OS, overall
photosynthetic performance expressed as PIABS was down-regulated in both investigated
genotypes. However, decrement of PIABS was much pronounced in genotype Kelleris 16,
mainly because of changes in a certain fraction of RCs, which become dissipative centres,
seen as increase in ABS/RC and DI0/RC, in order to avoid photooxidative damage of
photosynthetic apparatus. Also, electron transport, seen as decrease in ET0/(TR0–ET0) and
ET0/RC, was impaired which lead to impaired CO2 fixation and photosynthesis. The de-
scribed changes in the functioning of photosynthetic apparatus in drought-treated plants of
Kelleris 16 constitute the main distinction between the two investigated genotypes regard-
ing drought adaptation mechanisms.
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Abbreviations: ABS/RC – absorption per active reaction centre; AFLP – amplified frag-
ment length polymorphism; Chl a – chlorophyll a; Chl b – chlorophyll b; Chl a+b – total
chlorophylls; DW – dry weight; CTAB – cetyl trimethylammonium bromide; DI0/RC –
dissipation per active reaction centre; ET0/RC – electron transport per active reaction cen-
tre; ET0/(TR0/ET0) – electron transport beyond QA

-; Fv/Fm – maximum quantum yield of
photosystem II; FW – fresh weight; LHC – light harvesting complex; OJIP test – chloro-
phyll a fluorescence transient measurement; PCR – polymerase chain reaction; PIABS –
photosynthetic performance index; PSII – photosystem II; PVP – polyvinylpyrrolidone;
QA – primary plastoquinon acceptor; QB – secondary plastoquinon acceptor; RAPD – ran-
dom amplified polymorphic DNA; RC/ABS – density of reaction centers on chlorophyll
basis; RFLP – restriction fragment length polymorphism; RWC relative water content;
SSR – simple sequence repeats; TR0/DI0 – flux ratio trapping per dissipation; TR0/RC –
trapping per active reaction centre; TW – turgid weight; UPGMA– unweighted pair group
method with arithmetic mean

Introduction

The sour cherry (Prunus cerasus L.) is a significantly represented fruit in Croatian or-
chards, growing on 2400 ha in 2010. (FAO STATISTICAL DATABASES 2011). Phenological,
pomological and chemical variability was found within the population (PU[KAR 2005).
Therefore, it is necessary to perform clonal selection in order to isolate and characterize ge-
notypes with good agronomic traits in order to create seedlings that will ensure uniformity
and quality of sour cherry plantations. While phenological, pomological and chemical prop-
erties of individual sour cherry genotypes are under the influence of environmental factors,
it is necessary to conduct the analysis at the genome level. Among the many molecular
markers, SSR and AFLP markers have proved to be reliable methods for determination of
genetic variability in most species of the genus Prunus (DIRLEWANGER et al. 2002, HORMAZA

2002, PEDERSEN 2006).

Since drought is one of the limiting factors in fruit production today, identification of
sour cherry genotypes tolerant to drought will enable the sustainability of fruit production
with respect to climate change in the future. Reduced water content and leaf water potential,
loss of turgor and stomata closure ultimately lead to arrest of photosynthesis, metabolic dis-
orders and plant death (JALEEL et al. 2009). Leaf relative water content (RWC) is a good cri-
terion for the primary selection of wheat and tomato genotypes tolerant and sensitive to
drought (RAMPINO et al. 2006, SÁNCHEZ-RODRÍGUEZ et al. 2010). Also, RWC is better indica-
tor of plant water status than water potential as it is associated with cell volume and pre-
cisely shows the balance between the absorbed and transpirated water (ROSALES-SERNAet al.
2004, HASSANZADEH et al. 2009).

Efficiency of the photosynthetic apparatus in response to drought was studied in many
plant species (CLAVEL et al. 2006, CHRISTEN et al. 2007). The measurement of chlorophyll
fluorescence is a method commonly used to study photosynthetic efficiency (MAXWELL and
JOHNSON 2000). Measurement of the chlorophyll fluorescence transient, followed by OJIP-
-test, gives information on the functioning of the photosynthetic apparatus through parame-
ters describing the absorption of photons, trapping of excitons, electron transport and en-
ergy dissipation in both stressful and in optimal conditions for plants (STRASSER et al. 2004).
FORCE et al. (2003) have shown the advantage of the usage of the OJIP test in the evaluation
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of PSII efficiency, especially of the index of photosynthetic performance (PIABS), since it
provides information on overall energy flow through the PSII.

Photosynthetic pigments, especially chlorophyll a and b, have a significant role in the
process of photosynthesis because they are responsible for the absorption of light and trans-
fer excitation energy to the chlorophyll molecules of reaction centres. In drought, photo-
synthetic pigment content decreases from optimal conditions in many plant species. Plants
reduce photosynthetic pigment content in dry periods because this is a mechanism for the
prevention of photosynthetic apparatus damage by allowing less light to be absorbed
(KAUSER et al. 2006, ABDALLA and EL-KOSHIBAN 2007).

The aim of our study was to select different sour cherry genotypes according to their ge-
netic background as well as drought tolerance. We hypothesized that genotypes with oppo-
site reactions to drought, based on leaf RWC, have different mechanisms of adaptation. In
order to investigate changes in PSII photochemistry of sour cherry genotypes in response to
drought, two sour cherry genotypes with opposite reactions to drought were chosen accord-
ing to their RWC for further studies of photosynthetic features through the photosynthetic
pigments contents and chlorophyll fluorescence.

Material and methods

Plant material

Seven different sour cherry genotypes (genotypes Kelleris 16 – KEL 16, Maraska – MA,
Cigany – CG and Obla~inska represented with four genotypes OS, BOR, 18 and D6) were
analyzed in this study. Plant material was obtained from Tovlja~ Orchard of Agricultural In-
stitute Osijek. Young leaves for DNA analysis were picked in the spring of 2007 and stored
at –80 °C and lyophilized. Physiological experiments were performed on micropropagated
seedlings produced in vitro by meristem isolation from axillary buds of same genotypes as
DNA analysis.

Photosynthetic efficiency under drought stress – greenhouse experiment

An experiment was set up in a greenhouse of the Agricultural Institute Osijek during
June 2011. Uniform two-year old in vitro propagated sour cherry plants in pots (~1.2 L of
Floradure supstrate, Floragard, France) were selected randomly and placed on three mov-
able tables with automatic irrigation systems in greenhouse. Ten plants of each genotype
were placed on one table and served as controls. Control plants were treated with the opti-
mal amount of water every other day according to optimized propagation process. Another
ten plants of each genotype were placed on the other two tables (two identical experiments).
These plants were exposed to drought stress due to lack of water. Within 10 days of the ex-
periment, greenhouse daily temperatures were reaching up to 35 °C while humidity varied
from around 75% in the morning to 35–40% during a day. These conditions led to the com-
plete desiccation and decay of plants exposed to water deficiency i.e. drought stress.

Molecular markers analysis

DNA extraction: Immediately before DNA extraction, lyophilized tissue was ground in
an oscillatory mill and 40 mg of sample was used for DNA extraction conducted by CTAB
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method (DOYLE and DOYLE 1987) slightly modified by the addition of 4 % PVP to the ex-
traction buffer. The DNA quality and quantity was double checked by band confrontation
with lDNA on 1 % agarose gels and by spectrophotometer (Biophotometer, Eppendorf,
Germany). Original extracts of genomic DNA were diluted to a final working solution of 50
ng mL–1 which was used as template for PCRs.

Microsatellite analysis

The twelve SSR primer pairs used for PCR amplification, previously described by
CANTINI et al. (2001) and CLARKE and TOBUTT (2003), were provided by Metabion (Ger-
many). PCR amplification for SSR analysis was carried out in 15 mL of the reaction mix
containing 50 ng of template DNA, PCR buffer (10 mM Tris-HCl, 50 mM KCl, pH 8.3), 0.2
mM of each primer fluorescently labelled with Cy5, 0.2 mM of each dNTP, 1.5 mM MgCl2,
and 0.25 U of Taq DNA polymerase (Applied Biosystems, USA). The DNA was amplified
in GeneAmp PCR System 2700 (Applied Biosystems, USA). »Touchdown« PCR condi-
tions were used: 94 °C for 5 min followed by 10 cycles of 94 °C for 30 s, 60 °C for 45 s (–0.5
°C per cycle), 72 °C for 1 min and then 25 cycles of 94 °C for 30 s, 55 °C for 45 s, 72 °C for 1
min with an elongation step of 72 °C for 5 min.

AFLP assay

AFLP reactions were performed as described by VOS et al. (1995) using EcoR I
(5’-GACTGCGTACCAATTC-3’) and MseI (5’-GATGAGTCCTGAGTAA-3’) primers
with one selective base in pre-amplification (E-A and M-C) and with three selective bases
fluorescently labelled with Cy5 in amplification (E-AAA/M-CTT; E-AAA/M-CCT; E-ACT/
MCAT; E-ACT/M-CAG; E-ACA/M-CAA; E-ACA/M-CAC; E-ACA/M-CAT; E-ACA/M-CTA;
E-ACA/M-CTC; E-ACA/M-CTG).

Separation and visualisation of SSR and AFLP products

Amplification products were separated on a 0.5 mm thick and 6 or 7.5% polyacrylamide
denaturing gel (for SSRs and AFLPs, respectively), containing 7 M urea. Electrophoresis
was performed using an automated ALFexpress DNA sequencing system (Amersham Bio-
sciences). Separation was done at 1200 V, 40 mA, and 50 W for 360 min at 50 °C. Fluores-
cence signals were collected every 1 s and stored in a computer. A fluorescence labelled mo-
lecular marker size (Cy5 Sizer 50–500; Pharmacia Biotech, Sweden) comprising 10
fragments in the size range of 50 to 500 bp was used as an external size marker. For SSRs an
additional two internal standards (50, 115, 250 or 334 bp) were used depending on the size
of the expected SSRs. Amplified SSR and AFLP markers were then analysed using the soft-
ware package AlleleLinks (Pharmacia Biotech, Sweden).

Data analysis of molecular markers

Only strong markers were scored as binary data, either with presence (1) or absence (0).
All calculations were performed by NTSYSpc 2.1 software (Exeter Software Co., New
York). The genetic similarity among genotypes was calculated using Dice’s coefficient
(DICE 1945) for both types of markers. Comparison between SSR and AFLP matrices was
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estimated by Mantel’s test (MANTEL1967), with which matrix comparison analysis was per-
formed. Because of the high correlation between the matrices (r = 0.878), cluster analysis
was generated from the similarity matrix of both SSRs and AFLPs data, by the unweighted
pair group method, using an arithmetic averages (UPGMA) algorithm.

Relative water content

Every two days, leaf RWC was measured in control and stressed plants. Fully expanded
leaves were excised and fresh weight (FW) was immediately recorded. Leaves were then
soaked for 24 h in distilled water at 8 °C in the dark, and the turgid weight (TW) was re-
corded. After drying for 24 h at 80 °C total dry weight (DW) was recorded. RWC was calcu-
lated according to the formula: RWC (%) = (FW–DW) / (TW–DW) × 100. According to
RWC analysis, genotypes with opposite reactions to drought would be identified and taken
for further investigations.

Chlorophyll a fluorescence transient

Chlorophyll fluorescence transient was measured on the eighth day of the experiment. It
was induced by applying a pulse of saturating red light (peak at 650 nm, 3000 mmol m–2 s–1)
to leaves dark-adapted for 30 min before measurements. Changes in fluorescence were
measured using Plant Efficiency Analyser (PEA, Hansatech, UK) for 1s, starting from 50 ms
after onset of illumination. During the first 2 ms, changes were recorded every 10 ms and ev-
ery 1 ms afterward. The obtained data were used in the OJIP test in order to calculate several
biophysical parameters of PSII functioning previously described by STRASSER et al. (2004).

Determination of photosynthetic pigments concentration

Concentrations of photosynthetic leaf pigments were measured on the eighth day of the
experiment. Photosynthetic pigments were extracted from about 0.1 g of liquid-nitro-
gen-powdered leaves with ice-cold absolute acetone in the presence of magnesium hydrox-
ide carbonate. Chlorophyll a (Chl a) and chlorophyll b (Chl b) per dry weight of tissue
(DW) were determined spectrophotometrically (Specord 200 Analytic Jena) at 470, 644.8
and 661.6 nm and total chlorophyll (Chl a+b) and chlorophyll a/b ratio were calculated
(LICHTENTHALER 1987).

Statistical analysis

The results of the RWC were presented as adendrogram made by a single linkage
method on the basis of Euclidean distances (CESAR et al. 2008, PEDISI] et al. 2010) calcu-
lated from parameter difference between control and drought treatment during ten days of
experiment. Data on OJIP parameters and photosynthetic pigment concentrations measured
in control and drought treated plants were subjected to t-test. Differences were considered
significant at p £ 0.05. All statistical analyses were performed by Statistica 7.1. (StatSoft,
Inc. 2005, USA).
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Results

The cluster analysis conducted based on the SSR and AFLP data revealed two main
groups on dendrogram (Fig. 1). One of the groups (group 1) included only one genotype,
Kelleris 16 from a Danish breeding program. The second group which is further divided

into two major subgroups (2a and 2b) contained the remaining analyzed genotypes with a
very high coefficient of genetic similarity (> 0.96). Subgroup 2a included genotypes
Maraska and Cigany, while subgroup 2b included all investigated genotypes of genotype
Obla~inska (OS, 18, D6, BOR). The dendrogram, based on Euclidean distances calculated
from RWC difference between control and drought treatment during ten days of experiment
(Fig. 2) is constituted by four main groups. The results, according to the grouping of geno-
types, suggest that genotypes Kelleris 16 and OS have the opposite responses to drought, i.e.
drought tolerance with genotype Kelleris 16 as less and genotype OS as more tolerant.
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Fig. 1. Dendrogram based on genetic similarity from SSR and AFLP markers.

Fig. 2. Dendrogram based on Euclidean distances calculated from RWC difference between control
and drought treatment during ten days of experiment.



Drought stress down-regulated the photochemical efficiency of PSII (Figs. 3, 4; Tab. 1).
Maximum quantum yield of PSII (Fv/Fm) in leaves of genotype Kelleris 16 (Fig. 3A; Tab. 2)
in drought treatment was low compared to control with values 0.38 in drought and 0.84 in
control treatment. Values of Fv/Fm in leaves of genotype OS were 0.82 and 0.81 in control
and drought treatment, respectively. Performance index (PIABS) was also decreased in
drought-treated leaves (Fig. 3B; Tab. 2) of both investigated genotypes. The values of PIABS

in genotypes Kelleris 16 and OS were 0.07 and 1.62, respectively, in drought-treated leaves.
In control plants the values of PIABS were 3.09 and 2.24, in genotypes Kelleris 16 and OS,
respectively.
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Tab. 1. Mean values (± standard deviation) of performance index components on the 8th day of the
experiment in control and drought-treated leaves of genotypes Kelleris 16 and OS.

Genotype
Treatment

Kelleris 16 OS

Control Drought Control Drought

RC/ABS 0.47±0.02 0.20±0.08 0.43±0.02 0.40±0.01

TR0/DI0 5.19±0.25 0.82±0.76 4.60±0.28 4.23±0.65

ET0/(TR0–ET0) 1.27±0.20 0.44±0.09 1.11±0.18 0.95±0.12

Tab. 2. t-value and the probability levels in the t-test for maximum quantum yield of PSII (Fv/Fm),
performance index (PIABS) and components of PIABS measured on the 8th day of the experi-
ment in control and drought-treated leaves of genotypes Kelleris 16 and OS. Significance
level is marked at p £ 0.05 (*), 0.01 (**) and 0.001 (***). ns – no significance.

Genotype /
parameter

Kelleris 16 OS

t p(t) t p(t)

Fv/Fm 6.47 *** 1.57 ns

PIABS 12.23 *** 2.57 *

RC/ABS 8.94 *** 4.17 ***

TR0/DI0 15.54 *** 1.49 ns

ET0/(TR0–ET0) 10.72 *** 2.04 ns
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Fig. 3. Maximum quantum yield of PSII – Fv/Fm (a) and performance index – PIABS (b) in leaves of
sour cherry genotypes Kelleris 16 and OS (control treatment – white columns, drought treatment
– grey columns) on the 8th day of the experiment. Vertical bars indicate ± standard deviation.



Values of performance index components (Tab. 1), such as density of reaction centres on
chlorophyll basis (RC/ABS), ratio of trapping and dissipation fluxes (TR0/DI0) and effi-
ciency of the conversion of excitation energy to electron transport (ET0/(TR0–ET0), in
leaves of drought and control treatment revealed that drought-treated leaves of genotype
Kelleris 16 had significantly lower values (p < 0.001) of all PIABS components than control
leaves (Tab. 2), while drought stress had a significant effect only on decrease of parameter
RC/ABS in drought-treated leaves of genotype OS compared to control leaves.

Mean values and significant differences between drought and control treatment leaves
according to t-test for parameters that describe specific fluxes or specific activities per ac-
tive reaction centre areshown in Fig. 4 and Tab. 3, respectively. Parameters describing ab-
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Fig. 4. Specific fluxes or specific activities per active reaction centre in leaves of sour cherry geno-
types Kelleris 16 and OS on the 8th day of the experiment (control treatment – white columns,
drought treatment – grey columns): a) ABS/RC, b) TR0/RC, c) ET0/RC, d) DI0/RC. Vertical
bars indicate ± standard deviation.

Tab. 3. t-value and the probability levels in the t-test for specific fluxes or specific activities per ac-
tive reaction centre measured onf the 8th day of the experiment in control and drought-treated
leaves of genotypes Kelleris 16 and OS. Significance level is marked at p £ 0.05 (*), 0.01 (**)
and 0.001 (***). ns – no significance.

Genotype /
parameter

Kelleris 16 OS

t p(t) t p(t)

ABS/RC –4.39 *** –4.15 ***

TR0/RC –0.72 ns –2.84 **

ET0/RC 15.70 *** –0.17 ns

DI0/RC –4.02 ** –2.97 **



sorption (ABS/RC) and dissipation (DI0/RC) of light energy per active reaction centre were
significantly higher in drought treated leaves than in control leaves of both genotypes (Fig.
4A and D). Trapping per active reaction centre (TR0/RC) shown in Fig. 4B was significantly
increased under drought treatment compared to control in leaves of genotype OS. By con-
trast, electron transport per active reaction center (ET0/RC) was significantly lowered in
drought treatment leaves of genotype Kelleris 16 while the same parameter in drought treat-
ment leaves of genotype OS remain unchanged (Fig. 4C).

Mean values and standard deviations of photosynthetic pigment concentrations in
drought and control treatment leaves of genotypes Kelleris 16 and OS are shown in Tab. 4.
The mean values of chlorophyll a and total chlorophylls in drought-treated leaves were sig-
nificantly lower than in control leaves of both investigated genotypes (Tab. 5). Drought
stress did not decreased chlorophyll b concentration in leaves of genotype Kelleris 16, un-
like in genotype OS, while the opposite situation appeared for chlorophyll a/b ratio.

Discussion

In this study we used two types of molecular markers, microsatellite markers in order to
identify sour cherry genotypes (KAÇAR et al. 2006, ANTONIUS et al. 2012) and AFLP markers
in order to identify genotypes within the cultivar Obla~inska (ZHOU et al. 2002, TAVAUD et al.
2004). A significant correlation (r =0.878), almost identical to the correlation (r = 0.873)
obtained by KRICHEN et al. (2010), was revealed between the results of SSR and AFLP
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Tab. 4. Mean values (± standard deviation) of photosynthetic pigments concentrations on the 8th day
of the experiment in control and drought-treated leaves of genotypes Kelleris 16 and OS.

Genotype
Treatment

Kelleris 16 OS

Control Drought Control Drought

Chl a (mg g–1 DW) 3.72±0.23 2.48±0.12 2.97±0.07 2.26±0.05

Chl b (mg g–1 DW) 1.11±0.06 1.11±0.11 0.97±0.04 0.77±0.05

Chl a+b (mg g–1 DW) 4.83±0.25 3.58±0.03 3.94±0.11 3.03±0.10

Chl a/Chl b 3.35±0.20 2.26±0.33 3.06±0.07 2.97±0.17

Tab. 5. t-value and the probability levels in the t-test for photosynthetic pigments concentrations
measured on the 8th day of the experiment in control and drought-treated leaves of genotypes
Kelleris 16 and OS. Significance level is marked at p £ 0.05 (*), 0.01 (**) and 0.001 (***). ns
– no significance.

Genotype /
parameter

Kelleris 16 OS

t p(t) t p(t)

Chl a 9.72 *** 16.27 ***

Chl b 0.09 ns 5.97 ***

Chl a+b 9.80 *** 12.18 ***

Chl a/Chl b 5.61 ** 0.97 ns



markers in this investigation. Cluster analysis generated from the similarity matrix of both
SSRs and AFLPs data differentiated only genotypes, but not genotypes of the cultivar
Obla~inska (Fig. 1). These findings are in accordance with VENTURI et al. (2006) who
showed that SSRs and AFLPs were not able to distinguish genotypes (or clones) of apple
genotypes Gala and Braeburn.

Abiotic stressors, especially drought, negatively affect the growth and development of
plants and reduce the productivity or fertility of plants. Plant response to the stress caused by
drought is a complex biological and physico-chemical process that involves a number of
micro and macro molecules (KHAKWANI et al. 2011). The study of drought influence on plant
water status in association with photosynthetic parameters is important for understanding
the physiological mechanisms of drought tolerance and identification of tolerant genotypes
of some species (OMAE et al. 2007). Ability to retain the water during dehydration is an im-
portant strategy for plant tolerance to stress caused by drought (SÁNCHEZ-RODRÍGUEZ et al.
2010). Leaf RWC was measured in order to quantify water status in leaves of investigated
genotypes. According to RWC results (Fig. 2), genotypes Kelleris 16 and OS were proven
to have the opposite reaction to drought. Genotype OS revealed a higher tolerance to
drought than genotype Kelleris 16. Their photosynthetic efficiency and photosynthetic pig-
ment contents were further investigated in order to understand the physiological mecha-
nisms of drought tolerance.

Down-regulation of PSII photochemical efficiency caused by drought stress was mani-
fested as a significant decrease of maximum quantum yield of PSII in drought-stressed
leaves of genotype Kelleris 16, 45.23% of the value in control leaves (Fig. 3A). The Fv/Fm in
drought-treated leaves of Kelleris 16 was 0.38, which is much below the considered bound-
ary value (0.75) for fully functional PSII (BOLHÁR-NORDENKAMPF et al. 1989). A reduction
of Fv/Fm in drought stress was reported by many authors (BAUERLE et al. 2003, BERTAMINI et
al. 2007). Performance index (PIABS) was decreased in drought-treated leaves of both inves-
tigated genotypes (Fig. 3B). Unlike Fv/Fm, PIABS is much more sensitive photosynthetic pa-
rameter and it can detect stress in plants even before visible symptoms appear on the leaves
(CLAVEL et al. 2006, CHRISTEN et al. 2007, @IV^ÁK et al. 2008). PIABS describes overall
photosynthetic performance through the parameters that describe three main functional
characteristics of PSII reaction centre (STRASSER et al. 2000), namely RC/ABS (density of
reaction centres on chlorophyll basis), TR0/DI0 (ratio of trapping and dissipation fluxes) and
ET0/(TR0–ET0) (efficiency of the conversion of excitation energy to electron transport).
Drought-treated leaves of genotype Kelleris 16 had all components of PIABS significantly
lowered (42.55, 15.79 and 34.64% of the value in control leaves for RC/ABS, TR0/DI0 and
ET0/(TR0–ET0), respectively) in comparison to control leaves (Tab. 1 and 2). It is very
likely that drastic reduction of TR0/DI0 (to 15.79% of the value in control leaves) contrib-
uted the most to the decrease of photosynthetic efficiency, namely PIABS. A similar conclu-
sion about the impact TR0/DI0 on PIABS in different stress conditions was deduced by
LEPEDU[ et al. (2009) and NUSSBAUM et al. (2001). They reported that the reduction of
TR0/DI0 was significantly influenced by a large increase in energy dissipation (DI0/RC)
apart from trapping of electrons per active reaction centre (TR0/RC). The same situation oc-
curred in our investigation. In drought-treated leaves of Kelleris 16 energy dissipation per
active reaction centre (DI0/RC) was significantly increased, while trapping of electrons per
active reaction centre (TR0/RC) was unaffected (Fig. 4B, D).
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Drastic increase of energy dissipation is a consequence of enlarged absorption (ABS/RC)
in drought treatment leaves of both genotypes (Fig. 4A). Parameter ABS/RC represents the
functional size of the antenna complexes respectively, provides information on the average
amount of absorbing chlorophyll molecules, hence increasing this parameter indicates a re-
duction in the number of active reaction centres. Specifically, due to the high proton gradi-
ent through the thylakoid membranes, a portion of the active reaction centre gets a dissipa-
tion role, transforming violaksantin to zeaxanthin and thereby emitting energy in the form
of heat in order to avoid oxidative damage of PSII (CRITCHLEY 2000). Equal energy flow
through the photosystems in terms of increasing the ABS/RC and DI0/RC occurs also in the
stress caused by chromium (APPENROTH et al. 2001), and in phosphorus-depleted leaves
(LIN et al. 2009).

The conversion of excitation energy in electron transport, i.e. parameter ET0/(TR0–ET0),
was decreased in leaves of genotype Kelleris 16 exposed to drought stress (Tab. 2). Further,
electron transport beyond QA

– expressed per active reaction centre (ET0/RC) was also sig-
nificantly impaired in drought-treated leaves of genotype Kelleris 16 (Fig. 4C) due to re-
duced transport from QA to QB. These results suggest that the conversion of excitation en-
ergy in electron transport caused the decrease of the PIABS and overall photosynthetic
efficiency since the connection between electron transport and CO2 fixation has been
proved (KRALL and EDWARDS 1992), and thus the connection of PIABS with CO2 fixation
(VAN HEERDEN et al. 2007).

Decreased photosynthetic efficiency was not only due to changes in energy flow
through the PSII but also due to decreased pigment content. Impaired content of photo-
synthetic pigments in leaves of drought treatment, especially chlorophyll a and total chloro-
phylls (a+b) may be due to reduced protein synthesis at the LHC complexes or destruction
within complexes which, among other functions, protect the photosynthetic apparatus
(KAUSER et al. 2006). Also, degradation of photosynthetic pigments can be result in oxida-
tive damage of chloroplast lipids, pigments and proteins, particular proteins in thylakoid
membranes, which leads to the degradation of PS II and consequently, reduced trapping and
electron transport, as well as reduced production of ATP and NADPH, and and ultimately
reduced CO2 fixation (ABDALLA and EL-KOSHIBAN 2007). Reduced chlorophylls ratio (a/b)
indicates that the antenna complexes of PSII were increased allowing increased absorption
of photons, leading to excess of the electrons in PSII and to the modification of the active re-
action centres in dissipative (LEPEDU[ et al. 2009).

From the presented results, it can be concluded that photosynthesis was down-regulated
in leaves of the genotype Kelleris 16 exposed to drought, while genotype OS appears to be
more tolerant. An indication of impaired photosynthetic efficiency in leaves of genotype
Kelleris 16 was found in reduced photosynthetic pigment contents. Changes of antenna
complexes in PSII, seen as decreased chlorophylls ratio (a/b), altogether with decreased to-
tal chlorophylls content (a+b), indicate the adaptation of PSII to drought conditions. Over-
all photosynthetic performance expressed as PIABS was down-regulated in both investigated
genotypes, although maximum quantum yield of PSII remained unchanged in drought-
-treated leaves of genotype OS. However, decrement of PIABS was much more pronounced
in genotype Kelleris 16 mainly because of changes in a certain fraction of RCs which be-
come dissipative centres, seen as an increase in ABS/RC and DI0/RC, in order to avoid
photooxidative damage of photosynthetic apparatus. Also, energy flow through the PSII i.e.
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electron transport was impaired, seen as a decrease in ET0/(TR0–ET0) and ET0/RC, which
leads to depleted CO2 fixation and photosynthesis according to KRALL and EDWARDS
(1992). The described changes in the functioning of photosynthetic apparatus in drought-
-treated plants of Kelleris 16 are the main distinction between the two investigated geno-
types regarding the drought adaptation mechanisms of photosynthesis.
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