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Abstract The present study was conducted to
investigate the effect of exogenous salicylic acid
(SA) added to the nutrient solution on the growth
parameters and the functions of the photosynthetic
apparatus of rice plants under cadmium (Cd) stress.
Our investigations have shown that 10 uM SA has an
optimal effect in rice plants grown hydroponically.
Pulse amplitude modulated chlorophyll fluorescence,
low-temperature chlorophyll fluorescence, oxygen
evolution (measured with Clark-type and Joliot-type
electrodes) and P700 photo-oxidation measurements
were carried out to assess the effect of SA on the
activity of the photosynthetic apparatus. The levels of
three important parameters associated with oxidative
stress (hydrogen peroxide, lipid peroxidation and
proline content) were measured. The application of
low concentration of SA significantly decreased the
levels of hydrogen peroxide, lipid peroxidation and
proline under Cd stress. The results revealed that low
concentration of SA, applied in plants exposed to
150 pM CdCl,, significantly improves plant growth,
photochemical activities of both photosystems, the
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electron flow from Qa to plastoquinone, energetic
distribution between pigment-protein complexes and
the kinetic parameters of oxygen-evolving reactions.
This study suggests that exogenous application of
10 uM SA through the rooting medium has a protec-
tive effect against Cd toxicity in rice plants. The
possible molecular mechanisms involved in the
defence effect of SA on the function of photosynthetic
apparatus are discussed.
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1 Introduction

Heavy metals are one of the major environmental
pollutants, whose concentrations have been increasing
continuously in the soil and in the water, and their
quantities are often sufficient to present a risk to the
human health. Plants grown in metal-polluted envi-
ronments, exhibit altered metabolism, growth and
biomass reduction, lower crop yields and metal
accumulation (for review see Parmar et al. 2013; Tran
and Popova 2013).

Cadmium (Cd) is one of the most toxic heavy
metals because of its high solubility in water, its easy
absorption through the roots and its accumulation in
plant tissues (see Li et al. 2017). This metal strongly
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influences plant morphology and physiology, and also
reduces the effectiveness of photosynthesis (Tran and
Popova 2013; Arivazhagan and Sharavanan 2015). It
has been found that with the increase of the Cd
concentration the number and the size of the chloro-
plasts decrease, as well as the stacking degree of the
thylakoid membranes (Hakmaoui et al. 2007; Moussa
and El-Gamal 2010). The changes in the thylakoid
membrane organization are a result of membrane lipid
peroxidation, which is mediated by the formation of
free radicals during heavy metal exposure (Vassilev
et al. 2004). A significant degradation of the mem-
brane lipids has been observed under Cd stress,
resulting in damage of the pigment-protein complexes
of the photosynthetic apparatus in thylakoid mem-
branes (Vassilev et al. 2004; Nouairi et al. 2006).
Previous investigations have shown a decrease in the
amount of monogalactosyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG), and phos-
phatidylglycerol (PG), caused by Cd treatment, as
well as a decrease in 16:1 trans fatty acid contents, that
leads to disorganization of the granal structure (Dje-
bali et al. 2005).

A decrease in the amount of chlorophylls as a result
of the replacement of Mg ions with Cd ions in
chlorophyll a and chlorophyll 5 molecules has been
found in plants exposed to Cd (Moussa and El-Gamal
2010; Parmar et al. 2013). Reported data about Cd
impact on carotenoids are controversial and depend on
plant species (for review see Parmar et al. 2013).

It has been proposed that Cd induces changes in
both photosystems (Atal et al. 1991; Wodala et al.
2012), which depend on the genotype and the ecotype
of the plant species (Prasad 1995). Furthermore, it is
well known that under abiotic stress the photosystem
IT (PSII) complex is more strongly influenced than
photosystem I (PSI). Cadmium ions affect both the
donor and the acceptor sites of the PSII complex,
which leads to an increase of the amount of the
inactive centers (Atal et al. 1991). Moreover, the effect
of Cd ions on the oxidizing side of PSII leads to
uncoupling of the electron transport in the chloroplasts
(Atal et al. 1991). It has been also established that Cd
displaces Ca ions from the MnyCa cluster and thus
changes the functions of the oxygen-evolving complex
(OEC) on the donor site of PSII, while on the acceptor
site it causes some modifications in the secondary
quinone acceptor Qg and delays the electron flow from
Qa to Qg (Faller et al. 2005). Previous studies have
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shown that Cd ions also affects the functioning of PSI
(Sarvari et al. 2008; Atal et al. 1991). Having in mind
the highly toxic effect of Cd, it is of great importance
to investigate the different ways to decrease its
influence on rice plants and thus to reduce the risk to
human health.

Salicylic acid (SA) influences a number of meta-
bolic and physiological processes and thus promotes
plant growth and development (Singh et al. 2010).
Exogenous application of SA influences a range of
developmental and physiological processes, e.g., seed
germination and fruit yield (Cutt and Klessing 1992),
transpiration rate (Larque-Saavedra 1979), stomatal
closure (Rai et al. 1986), membrane permeability
(Barkosky and Einhellig 1993), plant growth and
photosynthesis (Khan et al. 2003; Khodary 2004; El-
Tayeb 2005). In addition, it has been shown that the
application of SA reduces root to shoot translocation
of Cd and increases the activities of antioxidant
enzymes in both roots and shoots of plants exposed
to Cd (Wang et al. 2013). Previous studies have shown
that exogenous SA plays a key role in promoting plant
resistance to various abiotic stress factors (Metwally
et al. 2003; El-Tayeb 2005; Guo et al. 2007; Hayat
et al. 2010; Tang et al. 2017). Salicylic acid has long
been found as one of the endogenous growth regula-
tors that reduces heavy metal toxicity in plants (see
Horvath et al. 2007). It has been reported that SA
decreases the growth inhibition induced by Cd toxicity
in rice (Guo et al. 2007), barley (Metwally et al. 2003),
soybean (Drazic and Mihailovic 2005) and wheat
(Moussa and El-Gamal 2010). Guo et al. (2007) have
shown that pretreatment with low concentration
(10 M) of SA enhanced the antioxidant defence
mechanisms in rice roots exposed to Cd, thus allevi-
ating Cd-induced oxidative damages and enhancing
Cd tolerance. Therefore, the exogenous SA may
indirectly alleviate Cd toxicity through different
response mechanisms in plants, some of which include
the regulation of the antioxidant machinery and lipid
metabolism, leading to maintenance of membrane
integrity and protection of membranes (Mishra and
Choudhuri 1999; Guo et al. 2007; Tamas et al. 2015).
Furthermore, the effect of SA depends on numerous
factors such as the species and the developmental
stage of plants, the mode of application and its
concentration (Horvath et al. 2007; Maslenkova et al.
2009). It has been also suggested that low concentra-
tions of SA might cause enhanced tolerance toward
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most kinds of abiotic stress factors, while higher
concentrations of exogenous SA cause oxidative stress
in plants, partially through the accumulation of
hydrogen peroxide (Yuan and Lin 2008). Our prelim-
inary investigations have found that 10 uM SA
applied on rice seedlings through the nutrient solution
has an optimal effect on the growth and the functional
activity of the photosynthetic apparatus in rice plants
(Yotsova et al. 2018).

Despite the numerous studies, the molecular mech-
anisms underlying the potential defensive effects of
exogenous SA on the photosynthetic apparatus of
plants are still not well understood. This study was
conducted to assess whether the exogenous applica-
tion of low concentration of SA through the nutrient
solution could reduce Cd toxicity in rice plants, which
will contribute to ensuring food safety, grain quality
and reducing Cd risk to human health. In particular, in
the present study, we investigated the effect of 10 uM
SA on the functions of the photosynthetic apparatus
and some growth parameters of rice seedlings exposed
to 150 uM CdCl,. A detail analysis of the changes in
PSI photochemistry as well as in PSII donor and
acceptor side has also been made.

2 Materials and methods
2.1 Plant material and growth conditions

Seeds of rice (Oryza sativa L. Galileo) were sterilized
and germinated on moisture filter paper in dark at
28 °C for 5 days. After germination, the rice seedlings
were grown hydroponically for 14 days and were
divided into four groups: (1) control (grown only on
half-strength Hoagland’s nutrient solution), (2) rice
plants grown on nutrient solution supplied with 10 uM
SA, (3) rice plants exposed to150 puM CdCl, in the
nutrient solution and (4) rice plants grown on nutrient
solution with 10 uM SA and 150 pM CdCl,. It was
used plastic containers (1 L with 60 plants per
container) filled with a half-strength Hoagland’s
nutrient solution with some modifications: 2.5 mM
KNO3;, 2.5 mM Ca(NOs3),, 1 mM MgSO,, 0.5 mM
ZnS0Oy4, 0.2 puM CuSOy4, 0.25 uM Na,MoO, and
20 uM Fe-EDTA (pH 6.0). Considering the assump-
tion for the formation of a complex between Cd and
SA, we used GEOCHEM-EZ (Shaff et al. 2010) to

calculate the especiation of free Cd>* in the nutrient

solution supplied with 10 pM SA. The results revealed
that 88.96% of the added Cd is available as free metal
ion. All experiments were conducted in a growth
chamber under controlled conditions: light intensity of
150 umoles m > s~! with a 12 h light/dark photope-
riod and relative humidity over 75% for 14 days.
During the whole period of cultivation, the nutrient
solutions were aerated and changed every 5 days. At
the end of the cultivation (at 14 day), the lengths of the
shoots and roots were measured. The other measure-
ments were performed on detached leaves or isolated
thylakoid membranes. The thylakoid membranes were
isolated according to the procedure described by
Apostolova et al. (2006). Five independent experi-
ments were made for each treatment, which were
analyzed independently.

2.2 Pigment analysis

The pigments were extracted from leaves with ice-
cold 80% acetone. The amounts of chlorophyll a (Chl
a), chlorophyll b (Chl b) and carotenoids (Car) were
determined spectrophotometrically according to the
equations of Lichtenthaler (1987) using Specord 210
Plus (Edition 2010, Analytik Jena AG, Germany).

2.3 Determination of oxidative stress markers

The content of hydrogen peroxide (H,O,) was deter-
mined by following the protocol of Alexieva et al.
(2001) with minor modifications. 100 mg of leaf tissue
were crushed in 1% trichloroacetic acid (TCA) and
homogenized at 4 °C and then centrifuged at 14000 g
for 20 min. The reaction mixture consisted of 0.5 mL
1% TCA leaf extract supernatant, 0.5 mL of 100 mM
Na—K-phosphate buffer (pH 7.6) and 1 mL reagent
(1 M KI w/v in fresh double-distilled water). The
blank probe consisted of 1% TCA with no leaf extract.
The reaction was developed for 1 h in the dark and
then the absorbance was measured at 390 nm. The
amount of H,O, was calculated with a molar extinc-
tion coefficient of 0.28 pM ™' cm ™' and expressed as
nmol per g fresh weight (FW).

The level of lipid peroxidation was determined by
estimating malondialdehyde (MDA) using thiobarbi-
turic acid (TBA) reaction (Heath and Packer 1968).
MDA is a decomposition product of peroxidized
polyunsaturated fatty acid component of membrane
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lipids. The leaf tissues (100 mg) were homogenized
with 1% (w/v) TCA followed by centrifugation at 14
000 g for 20 min. The reaction mixture consisted of
0.5 mL 1% (w/v) TCA leaf extract supernatant,
0.5 mL of 100 mM Na-K-phosphate buffer (pH 7.6)
and ImL reagent [20% (w/v) TCA containing 0.5%
(w/v) TBA]. The mixture was heated at 95 °C for
30 min and then cooled in an ice bath to stop the
reaction. The tubes were centrifuged at 12000 g for
5 min, and the absorbance of the supernatant was
measured at 532 nm. The MDA concentration was
determined by its molar extinction coefficient
(0.155 uyM~' em™") and expressed as nmol per g
FW (Heath and Packer 1968).

The proline in the rice leaves was extracted and
measured according to the method of Bates et al.
(1973) with minor modifications. 100 mg of leaf tissue
were homogenized with 3 ml of 3% sulfosalicylic acid
and filtered through filter paper (Grade 601 Qualitative
Filter Paper). One mL of the extracted solution was
reacted with an equal volume of glacial acetic acid and
ninhydrin reagent (500 mg ninhydrin in 12 mL of
glacial acetic acid and 8 mL of 6 M H;PO,) and
incubated at 95 °C for 1 h. The reaction was termi-
nated by placing the samples in ice bath. The reaction
mixture was vigorously mixed with 2 mL toluene and
the absorbance was recorded at 520 nm. Proline
content was calculated from a standard curve and
expressed as nmol per g FW.

2.4 Photochemical activity of PSII

The photochemical activity of PSII (PSII-mediated
electron transport) was measured on isolated thylakoid
membranes with polarographic Clark-type electrode
(Model DW 1, Hansatech, Instruments Ltd., England)
in temperature-controlled cuvette at 22 °C, using
saturating white light. The PSII activity was deter-
mined by the rate of oxygen evolution in the reaction
medium containing: 20 mM MES (pH 6.5), 10 mM
NaCl, 5 mM MgCl,, 330 mM sucrose and an exoge-
nous electron acceptor 1,4-benzoquinone (0.4 mM
BQ). The chlorophyll concentration in the thylakoid
membranes for the measurements of photochemical
activity was 25 pg mL ™.

@ Springer

2.5 Kinetic parameters of oxygen evolution

Oxygen flash yields and initial oxygen burst were
measured using a self-built polarographic oxygen rate
electrode described in Zeinalov (2002). The isolated
thylakoid membranes (300 pg Chl mL~" and 100 pl
volume) were suspended in a medium containing:
40 mM HEPES (pH 7.6), 10 mM NaCl, 5 mM MgCl,
and 400 mM sucrose, without artificial electron
acceptor. Thylakoid samples formed a thin layer on
the platinum electrode. Samples were pre-illuminated
with 20 flashes and then dark-adapted for 10 min on
the electrode before measurements. Oxygen flash
yields were induced by short and saturating periodic
flash sequences with 700 ms dark intervals between
the flashes. The initial oxygen burst amplitude (A) was
recorded after irradiation with continuous white light
(400 pmol photon m 2 s™ ).

The initial So—S; state distribution in the dark,
misses (o) and double hits (B) were determined by the
least square deviations fitting the experimentally
obtained oxygen flash yields to the theoretically
calculated yields according to the model of Kok
et al. (1970). The parameters Sg (the concentration of
the blocked PSII centers) and Ky, (the turnover time
constant of the OEC) were obtained using extended
kinetic version of the Kok’s model on the base of the
measurements by variation of the intervals between
the flashes: 1.0, 0.70 and 0.55 s (for details see
Zeinalov 2009; Yotsova et al. 2017).

2.6 Pulse amplitude modulated (PAM)
chlorophyll fluorescence

The measurements of PAM chlorophyll fluorescence
were made using a fluorimeter (H. Walz, Effeltrich,
Germany, model PAM 101-103) as described by
Stefanov et al. (2017). The leaf discs were dark-
adapted for 15 min. The maximal fluorescence levels
F,, in dark-adapted state (DAS) and F,’ in light-
adapted state (LAS) were measured with
2500 pmol m ™2 s~ illumination provided by Schott
lamp KL 1500 (Schott Glaswerke, Mainz, Germany).
The intensity for determination of the minimal fluo-
rescence level (Fp) in DAS was 0.02 pmol m2s L
The intensity of the actinic light was 150 pmol m ™2 -
s~!. The following parameters were determined:
F,/F,—the maximum quantum yield of PSII (Kita-
jima and Butler 1975); F,/Fp—the ratio of
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photochemical to nonphotochemical processes (Ro-
hacek 2002); Fv'/Fm’—the effective quantum yield of
PSII (Rohacek 2002); Dps—the effective quantum
yield of photochemical energy conversion of PSII;
gp—the photochemical quenching coefficient (Schrei-
ber et al. 1986); ETR—the linear electron transport
rate (Genty et al. 1989). The chlorophyll fluorescence
decrease ratio, Rgq (Rpq = F¢/(F,, — Fy)), which
correlates with the photosynthetic rate (Lichtenthaler
et al. 2005), was measured as in Stefanov et al. (2016).
F, is the fluorescence decrease from F,,, to steady state
chlorophyll fluorescence.

2.7 Low temperature fluorescence measurements

The low-temperature (77 K) chlorophyll fluorescence
emission spectra of thylakoid membranes (chlorophyll
concentration 20 pg mL™') were measured using a
Jobin—Yvon (JY3) spectrofluorimeter equipped with a
liquid-nitrogen device. The samples were quickly
frozen in a cylindrical quartz cuvette by plunging into
liquid nitrogen. The chlorophyll fluorescence was
excited at 436 nm (for Chl a) with slit widths of 4 nm.

2.8 P700 redox state measurements

The measurements were made in vivo using a PAM-
101/103 fluorometer (Walz, Effeltrich, Germany)
equipped with an ED-800T emitter-detector as
described by Dobrikova et al. (2017). The oxida-
tion—reduction kinetics of P700 was determined by
illumination of the dark-adapted (for 15 min at room
temperature) detached leaves with far red light sup-
plied by a photodiode (102-FR, Walz, Effeltrich,
Germany). The redox state of P700 was assessed by
measuring of far red light induced absorbance changes
around 830 nm (AAgsg).

2.9 Statistical analysis

The mean values for all investigated parameters were
calculated from five independent experiments with
3—4 replicates per each treatment. Statistical differ-
ences between mean values (£ SE) were determined
using ANOVA. Values of p < 0.05 was considered as
statistically significant differences.

3 Results
3.1 Plant growth and pigment content

Treatment of rice seedlings with 10 uM SA alone
increased the growth parameters, and the effect was
more pronounced in shoots than in roots (Table 1).
The increase of shoots and root lengths was of 45 and
20%, respectively. These SA-induced changes in the
shoots elongation were accompanied by an increase in
the total Chl content with about 7% (Table 1). The
exposure of rice seedlings to 150 uM CdCl, for
14 days led to a decrease of the shoot and root-
s lenghts and total chlorophyll content (Table 1). In
comparison to the control, Cd reduced the shoot lenght
by 72% (Table 1). The contents of Chl and Car
reduced by 40% after Cd treatment in comparison to
the untreated plants. The inhibitory effects of Cd on
the growth parameters and the pigment contents of rice
seedlings were alleviated by exogenous SA added to
the nutrient solution (Table 1).

3.2 Oxidative stress markers—Ilipid peroxidation
(MDA), hydrogen peroxide and proline levels

The oxidative damage of the membranes under Cd
stress was investigated by monitoring of the MDA
content. Our data revealed that Cd caused a significant
increase (up to 90%) in the concentration of MDA in
comparison to the control, while in the plants treated
with SA and Cd the MDA content was lower (the
increase was about 20%) than in the plants treated with
Cd alone (Fig. 1B). No differences in the levels of
lipid peroxidation were observed between the control
plants and those treated with SA alone.

Leaf H,O, content showed an increment of approx-
imately 25% in plants treated with Cd alone, and it was
lowered in rice plants treated with SA and Cd
combined. There was no difference in the H,0O,
content between the control and the rice plants treated
solely with 10 uM SA (Fig. 1A).

The highly elevated levels of proline also indicated
the toxic effect of Cd (Fig. 1C). Compared to the
control, proline concentrations increased approxi-
mately three times in plants exposed to Cd. The plants
treated with SA and Cd combined exhibited signifi-
cantly lower proline levels than those treated with Cd
alone. There were no differences between control
plants and plants treated only with SA.
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Table 1 Effects of 10 uM SA and 150 uM CdCl, on the growth parameters and pigment contents in 14-days old rice seedlings

Parameters Control SA CdCl, SA and CdCl,
Roots (cm) 93 +0.3° 112 4 0.3* 42 +0.10° 5.8 + 0.28°
Shoots (cm) 19.2 £ 0.3° 27.8 + 0.8° 554 0.21¢ 8.4 + 0.23°
Chl (mg g~ 'FW) 3.48 + 0.08° 372 + 0.07° 2.12 + 0.08¢ 2.92 + 0.06°
Car (mg g~ 'FW) 0.76 + 0.06* 0.77 + 0.03* 0.46 + 0.02¢ 0.64 & 0.01°
Chl alb 4.12 + 0.09° 4.08 + 0.09° 4.45 + 0.06° 4.28 + 0.08"

Different letters indicate significant differences between the values in the same row (p < 0.05)

A B
200 | 200
2 160} . s 160
‘o —F— ‘Tm
E 120 ¢ c b 5 120
5 £
- £
ON 80 | g 80
T s
a0 40
0 0

Control SA CdCI2 SA+Cd(:I2

Fig. 1 Effects of 10 uM SA and/or 150 uM CdCl, on the H,0,
(A), MDA (B) and proline contents (C) in leaves of 14-days old
rice seedlings. Mean values (£ SE) are calculated from seven

3.3 Photochemical activity of PSII
and photosynthetic oxygen evolution

10 uM SA stimulates the PSII activity by 30%. On the
other hand, Cd caused strong inhibition of the PSII
activity (about 46%) and the addition of SA to plants
exposed to Cd alleviated the inhibitory effect of Cd on
the PSII activity.

The maximum amplitude of the flash-induced
oxygen yields observed after the third flash (¥) and
the oxygen-burst amplitude under continuous illumi-
nation (A) were used to assess the impact of SA on the
oxygen production in plants exposed to Cd (Fig. 2).
The parameter A correlates with the number of all
functionally-active PSII reaction centers (i.e., fast and
slow operating centers), while the parameter Y char-
acterizes mainly the fast-operating PSII centers situ-
ated in grana domains (see in Apostolova et al. 2000).
Exogenous application of SA causes a stimulation of
the oxygen evolution in thylakoid membranes as
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independent experiments. Different letters indicate significant
differences at p < 0.05

shown by the increase of the parameters A and
Y (Fig. 2). 150 uM CdCl, caused a significant reduc-
tion in the amplitudes of the oxygen evolution (¥ and
A) which was diminished in plants grown with SA and
CdCl, together (Fig.2). SA applied through the
rooting medium has a protective effect against Cd-
induced inhibition of the oxygen evolution in rice
seedlings.

Cd treatment led to an increase in the amount of the
blocked PSII centers (Sg), the initial dark distribution
of the PSII centres in the S state, the misses (o) and
the double hits (B), indicating alterations in the Mn
cluster and/or damage of the OEC on the PSII donor
side (see Yotsova et al. 2017).

10 uM SA alone strongly increased the rate con-
stant of oxygen evolution (Kp) with 42%, while Cd
treatment led to a 17% decrease in comparison to the
thylakoid membranes of control plants (Table 2). Cd
treatment resulted in delayed turnover time of the
oxygen-evolving centers for a release of one oxygen
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Fig. 2 Effects of 10 uM SA and 150 pM CdCl, on the flash-
induced oxygen yields observed after the third flash (Y), the
oxygen-burst amplitude under continuous illumination (A) and

molecule and increased the amount of the blocked
PSII centers by 43%. Furthermore, these Cd-induced
alterations in OEC were alleviated by exogenous
application of SA (Table 2).

3.4 PAM chlorophyll fluorescence parameters

Cd caused inhibition of ®pgy; as a result of the
decrease of the ratio of the photochemical to non-
photochemical processes (F,/Fy) (Fig. 3A). Exoge-
nous SA in plants exposed to Cd decreased the Cd-
induced changes in ®pg;—it reached values exhibited
by the control plants, and led to an increase of the F,/
Fy ratio. Salicylic acid also stimulated photochemical
quenching (qp) and ETR, and increased the fluores-
cence decay ratio, Rgg. Analysis of the PAM

the photochemical activity of PSII (H,O — BQ), measured in
thylakoid membranes isolated from 14-day old rice seedlings.
Different letters indicate significant differences at p < 0.05

chlorophyll fluorescence curves of leaves from Cd-
treated plants revealed inhibition of these parameters.
The application of SA in plantsexposed to Cd allevi-
ated the inhibition effects of Cd on the following pa-
rameters: gp, ETR and Rpy (Fig. 3B). The data
revealed that the primary photochemistry of PSII
(F,/F,,) is almost unchanged after treatment with SA
and Cd together.

The relaxation curves after single saturating pulse
in dark-adapted leaves could be fitted by two compo-
nents (fast and slow component) with rate constants k;
and k; for the fast and the slow components, respec-
tively. Our data showed that Cd leads to a decrease of
both constants while no changes were observed after
Cd treatment in the presence of SA (Table 3).

Table 2 Effects of 10 pM SA and 150 pM CdCl, on the kinetic parameters of the flash-induced oxygen yields in thylakoid

membranes isolated from 14-day old rice seedlings

Parameter Control SA CdCl, SA + CdCl,
So (%) 26.1 £ 0.9° 20 + 1.6¢ 68.1 £+ 3.4° 32.6 £2.9°
Sp (a.u.) 1.35 £ 0.10° 1.61 +0.18" 1.93 +0.13° 1.78 + 0.14%
Kp (s7H 1.94 £+ 0.12° 2.76 £ 0.24% 1.61 £ 0.14° 229 £ 0.17°
o (%) 26.8 + 1.1° 23.1 + 1.6° 37.9 + 1.7° 28.7 + 1.9°
B (%) 47 +02° 47 £+ 03¢ 102 £ 1.1% 6.3 £ 0.6"

Different letters indicate significant differences between values in the same row (p < 0.05)

Sy the initial Sy state (S; = 100 — S;) in the darkness, Sp the concentration of the blocked PSII centers, K, the rate constant of

excited Si states, a the misses and f§ the double hits
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Fig. 3 Effects of 10 uM SA and 150 pM CdCl, on PAM
chlorophyll fluorescence parameters, measured in leaves of
14-day old rice seedlings: (A) F,/F,—the maximum quantum
yield of PSII photochemistry; F,/Fp—the ratio of the photo-
chemical to the nonphotochemical processes; Dpsy—the
effective quantum yield of the photochemical energy conversion

3.5 Low-temperature (77 K) chlorophyll
fluorescence

The fluorescence emission spectra of rice thylakoid
membranes have three bands at 685, 695 and 744 nm.
The 685 and 695 nm fluorescence bands originate
from PSII, while the band at 744 nm represents the PSI
fluorescence (Krause and Weis 1991). Salicylic acid
did not influence the energy redistribution between
both photosystems, while in plants exposed to Cd the
energy transfer from PSII to PSI was increased, i.e.,
the F744/F685 ratio increased in comparison to
untreated plants (Fig. 4). The Cd-induced increase in
the ratio F744/F685 was not registered in the presence
of SA. In addition, Cd in the presence of SA did not
influence the energy transfer between pigment-protein
complexes in PSII (Fig. 4), i.e., the F685/F695 ratio
was not changed.

B

180 | l:]qP

an

140 |
o 120} a
£ a a
c bbb b bb
8 100+ cc .
2 of

60

40 +

20

0
Control SA CdCI2 SA+ Cd(:l2

of PSII and (B) gp—the photochemical quenching coefficient;
ETR—the linear electron transport rate; the chlorophyll
fluorescence decrease ratio, Rgqg (Rpg = F4/(F,, — F4)), which
correlates with the photosynthetic rate. Different letters indicate
significant differences at p < 0.05

3.6 Oxidation—reduction kinetics of P700

For characterization of PSI photochemistry we have
measured the steady-state P700 photo-oxidation
(P700™") by far red light-induced absorbance changes
around 830 nm (AAgzg). The values of relative
amplitudes (AA/A) from control and treated plants
are shown in Table 4. The results showed a 10%
increase of PSI photochemistry (ratio AA/A) after
treatment with SA alone. In contrast, this parameter
decreased by 20% after Cd treatment and it was
almost not changed in the presence of SA in plants
exposed to Cd (Table 4). The post illumination dark-
reduction kinetics of P700" were fitted by two decay
exponents with half-times ¢; (for the fast component)
and 1, (for the slow component). The addition of SA
alone leads to a 20-25% decrease of both half-times
(t; and t,), and Cd caused a 47% reduction in ¢; and a
50% decrease in t,. After treatment with SA and Cd

Table 3 Effects of 10 pM SA and 150 pM CdCl, on the rate constants (fast rate constant k;, and slow rate constant k,) of decay
kinetics of flash-induced variable chlorophyll fluorescence in leaves of 14-days old rice seedlings

Parameter Control SA CdCl, SA + CdCl,
ki s7h 2.554 + 0.137* 2.430 £ 0.086* 2.151 + 0.146° 2.661 + 0.080*
ks (s7h 0.071 4+ 0.003* 0.072 + 0.006* 0.051 £ 0.001° 0.066 + 0.004*

Different letters indicate significant differences between the values in the same row (p < 0.05)
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Fig. 4 Effects of 10 uM SA and 150 pM CdCl, on the energy
transfer in the photosynthetic apparatus determined by low-
temperature (77 K) chlorophyll fluorescence: F744/F685—the
energy transfer from PSII to PSI, and F685/F695—the energy

together the fast half-time #; was further reduced
(Table 4).

4 Discussion

Salicylic acid has an important role in the protective
mechanisms against heavy metal toxicity, activating
antioxidant defence system and reducing the genera-
tion of superoxide radicals, thus lowering the level of
lipid peroxidation and maintaining the stability of the
membranes (Guo et al. 2007, Wang et al. 2013; Tamas
etal. 2015; Khan et al. 2015). It has been demonstrated
that SA pretreatment decreases MDA accumulation,
caused by Cd, which confirmed the role of this
compound against oxidative damage (see Moussa and
El-Gamal 2010). It is known that Cd is involved in the
indirect production of reactive oxygen species (ROS),
causes peroxidation of membrane lipids in the cellular

CdcCl, SA+CdCl,

transfer between the pigment-protein complexes in PSII. The
fluorescence ratios are measured for the excitation of Chl a (at
436 nm). Different letters indicate significant differences at
p <0.05

environment, whose intensity can be estimated by the
accumulation of MDA (Schiitzendiibel et al. 2002; Liu
et al. 2003; Singh et al. 2006; Guo et al. 2007; Hsu and
Kao 2007; Xu et al. 2010; Wang et al. 2011). The
increase of MDA amount is an indicator of a high level
of oxidative stress (Hou et al. 2007). The main target
of the redox-active metals in a plant cell is usually the
cell membrane (Yilmaz and Parlak 2011). Our results
revealed that the lipid peroxidation in the leaves of rice
plants treated with Cd and SA combined was lower
than that in plants exposed to Cd alone (Fig. 1B).
Similar results were also observed for pretreated with
SA pea seeds (Popova et al. 2009) and after applying
SA and Cd together through the nutrient solution on
perennial rye-grass and common duckweed (Wang
et al. 2013; Lu et al. 2018).

Proline accumulates in plants under stress condi-
tions, so it is a relevant indicator of heavy metal stress
(Krantev et al. 2008). Our results showed that Cd leads

Table 4 Effects of 10 pM SA and 150 pM CdCl, on the amplitudes of far red (830 nm) light-induced oxidation of P700 (4Ag3¢/
Agso) and on the kinetics of P700™ dark relaxation (half-times, #; and 1,) in leaves of 14-day old rice seedlings

Parameter Control SA CdCl, SA + CdCl,
P700" (AA/A x 1073) 7.96 + 0.36° 8.75 £ 0.30% 6.39 £ 0.47° 7.32 + 0.31°
P700" decay (z;, s) 1.64 £ 0.17% 1.33 &+ 0.09° 0.88 £ 0.02° 0.78 £ 0.02¢
P700" decay (1, s) 9.12 £ 0.26* 6.77 £+ 0.36° 4.57 £ 0.52° 4.32 4 0.44°

Mean values are expressed in arbitrary units = SE and are calculated from three independent experiments. Different letters indicate
significant differences between the values in the same row (p < 0.05)
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to accumulation of proline in rice leaves (Fig. 1C),
which is in agreement with the results reported in
previous studies for other plant species: Groenlandia
densa (Yilmaz and Parlak 2011), perennial rye-grass
(Wang et al. 2013) and Lemna minor (Lu et al. 2018).
The decrease in proline concentration in rice seedlings
treated with SA and Cd combined suggested a partial
alleviation of Cd toxicity by the concentration of SA
used in the present study.

Previous studies have shown that Cd can promote
the generation of H,O, in a variety of plants (Maksy-
miec and Krupa 2006; Rodriguez-Serrano et al.
2006, 2009; Vestena et al. 2011; Zhao et al. 2012).
Additionally, Wang et al. (2013) have suggested that
H,0, plays an important role in plant growth inhibi-
tion induced by heavy metals in plants. Our data
showed that Cd increases H,O, levels in rice leaves,
while adding SA to the solution lowers H,O, concen-
trations and reduces the toxic effect of Cd. Similar
results were obtained after combined treatments of Cd
and SA in the roots of perennial rye-grass and common
duckweed (Wang et al. 2013; Lu et al. 2018).

Cadmium is well known to have a harmful effect
also on the photosynthesis affecting the chlorophyll
metabolism and the chloroplast ultrastructure (Djebali
et al. 2005; Hakmaoui, et al. 2007; Arivazhagan and
Sharavanan 2015; Parmar et al. 2013). Therefore, the
reduction in the pigment content can indicate the toxic
effect of Cd on plants. Our data revealed a strong
decrease of the chlorophyll and carotenoid contents in
leaves of Cd-treated rice seedlings (Table 1), which is
most probably a result of inhibition of the chlorophyll
biosynthesis (see in Parmar et al. 2013). The Cd-
induced reduction in pigment composition was also
registered in wheat (Moussa and El-Gamal 2010;
Dobrikova et al. 2017), maize (Maurya et al. 2008;
Arivazhagan and Sharavanan 2015) and soybean
seedlings (Xue et al. 2013). Additionally, Cd-induced
changes in the chlorophyll content were accompanied
by an increase of the Chl a/b ratio (Table 1). Having
in mind that this ratio correlates with the amount of the
light harvesting complex of PSII (LHCII) and the
degree of membrane stacking (Apostolova et al. 2006,
Stoichkova et al. 2000), it could be suggested that Cd
treatment caused changes in the organization of the
thylakoid membranes, as a result of the increased
membrane lipid peroxidation (Fig. 1). All these alter-
ations in the pigment composition were alleviated in
the presence of SA in plants exposed to Cd, and the
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Chl a/b ratio was similar to that in the control plants
(Table 1).

The inhibitory effect of Cd on the pigment content
corresponds to the reduction of the growth parameters
(Table 1), which was alleviated by the exogenous SA
applied through the roots. Previous observations by
Krantev et al. (2008) on maize plants revealed similar
effects. It was suggested that the defensive effect of
SA is a result of a very rapid detoxification of ROS,
which ensures protection of cells against oxidative
damage induced by Cd. A recent study has shown that
the addition of SA in the nutrient solution has a
protective role against arsenite stress in rice plants,
resulting in partial restoration of all plant growth
parameters, and especially shoot and root lengths, as
well as total chlorophyll content—up to control levels
(Singh et al. 2017). One of the possible reasons for the
beneficial effect of SA on Cd toxicity could be due to
the reduced root-to-shoot translocation of Cd (Wang
et al., 2013). Furthermore, the study of Famita et al.
(2014) using four rice cultivars has revealed that
independently of the ratio of SA (100 pM) to Cd
concentrations (100-1500 uM) Cd accumulation in
the roots is not influenced, and only a small decrease
in Cd content in shoots has been registered.

The Cd-induced changes in the organization of the
thylakoid membrane correlated with the observed
increase in the energy transfer from PSII to PSI (ratio
F744/F685, Fig. 4). This could be a result of the Cd-
influence on the LHCII organization, by reducing the
amount of the trimers of this complex and eventually
the efficiency of light energy utilization (Croce and
van Amerongen 2011). Data also revealed that the
treatment with SA prevented the Cd-induced increase
of the energy transfer from PSII to PSI (ratio F744/
F685) (Fig. 4). Our results also indicated that the
application of exogenous SA in plants exposed to Cd
might be responsible for the decrease of the membrane
injuries preventing structural changes and/or swelling
of the thylakoid membranes, which is in agreement
with previous observations on wheat plants (Moussa
and El-Gamal 2010). Moreover, it has been also
shown that treatment with SA only does not induce
any ultrastructural changes in chloroplasts (Moussa
and El-Gamal 2010).

The main targets of Cd ions in the photosynthetic
apparatus are electron transfer reactions in PSII
complex, whose alterations result in an inhibition of
the photosynthetic oxygen evolution (Atal et al. 1991;
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Chugh and Sawhney 1999; Vassilev et al. 2004). It has
been also proposed (Sigfridsson et al. 2004) that Cd
exerts multiple effects on both donor and acceptor
sides of PSII—it modifies the Qg pocket on the
acceptor side of PSII and blocks the electron transfer
from Q4 to Qg. In this study, we evaluated the impact
of Cd on the re-oxidation of Qa by assessing the
relaxation kinetics of chlorophyll fluorescence exci-
tation after single saturating pulse in dark-adapted
leaves (see Bukhov et al. 2001; Shirao et al. 2013).
Our results showed a reduction of the constants of the
chlorophyll fluorescence decay (k; and k) after
excitation by a saturating light pulse which suggests
a restriction of the electron flow from Q,4 to plasto-
quinone (Table 3). These Cd-induced alterations in
PSII acceptor side correspond to the inhibition of
effective quantum yield (®pgpr), the photochemical
quenching (gp), the linear electron transport rate
(ETR) and the parameter Rgy, which correlates with
the net CO, assimilation (Lichtenthaler et al. 2005)
(Fig. 3). Having in mind that chlorophyll a fluores-
cence is often used by biological researchers as an
indicator of changes in plants under different abiotic
stress factors (Dabrowski et al. 2015, 2016; Kalaji
et al. 2017), our data suggest a strong influence of Cd
on the functions of the photosynthetic apparatus. The
Cd-induced inhibition of PAM parameters was dimin-
ished by the addition of SA in the nutrient solution. It
has been shown that pre-soaking maize seeds with SA
has a protective effect on the photosynthesis by
diminishing the oxidative damage in plants exposed
to Cd (Krantev et al. 2008).

Sigfridsson et al. (2004) have also suggested that
Cd rapidly inhibits the functional activity of PSII
affecting the donor side between OEC and the first
electron donor of P680 (Yz). Our data revealed
alterations in the kinetic parameters of the oxygen-
evolving reactions suggesting a modification of the
MnyCa cluster (Table 2), as well as strong inhibition
of the oxygen evolution under flashes and continuous
illumination (Fig. 2). The damage of the OEC, as well
as the increasing of the amount of PSII centers in S
state and the misses, could be a result of Cd-displace-
ment of the essential Ca®t cofactor in the Mn,Ca
cluster (Faller et al. 2005), as well as a result of a
decrease of the active PSII centers (i.e., increased
amount of blocked PSII centers, Sg) (Table 2). In
addition, the observed stronger inhibition of the flash-
induced oxygen evolution (Y) in comparison to the

oxygen burst (A) under continuous illumination
(Fig. 2) suggests that the sets of PSII in grana domain
(faster PSIIo centers) are stronger influenced by Cd
stress than PSIIP centers. These results are in agree-
ment with the assumption made by Atal et al. (1991)
for Cd-induced reduction of the active PSIla centers.
Previous analysis of the oxygen evolution kinetics
has also showed Cd-induced increase in the number of
inactive PSII reaction centres, as well as a reduction in
the size of the PSII antennae and in the number of
active PSIla reaction centres (in grana domains) in
wheat seedlings (Atal et al. 1991; Dobrikova et al.
2017). The addition of exogenous SA in plants
exposed to Cd improved the kinetic parameters of
oxygen-evolving reactions (Table 2) suggesting the
protection of OEC from damage or modifications.

The dark-reduction kinetics of the far red induced
absorption changes around 830 nm (AA/A) were used
to assess the effects of Cd on the PSI photochemical
activity (Bukhov et al. 2002; Wodala et al. 2012). Our
data showed an increase in the extent of P700
oxidation (P7007, i.e., AA/A) in the presence of SA
only. Compared to the control plants, Cd decreased the
relative amplitudes (AA/A) accompanied by some
reduction in the half-times #; and ¢, (Table 4). It has
been proposed that the biphasic kinetics of the dark
reduction of P700" after turning off the far red light
are due to a reduction of two different populations of
PSI located in different domains of the thylakoid
membranes or originate from two electron-donor
systems (Albertsson 1995; Bukhov et al. 2002). The
combined treatment with SA and Cd led to a strong
decrease of the fast half-time #; which indicates an
increase of the cyclic electron transport around PSI in
the stroma lamellae as a defense mechanism. Similar
impact of Cd on the photochemistry of PSI has been
shown in pea (Wodala et al. 2012) and wheat plants
(Dobrikova et al. 2017). Having in mind that both half-
times were influenced by Cd (Table 4), it could be
supposed that Cd affects both PSI population: in grana
margins and in stroma lamellae, while the presence of
SA in plants exposed to Cd has a more pronounced
effect on the fast time ¢;, i.e, on the cyclic electron
transport around PSI situated in the stroma lamellae.
The observed changes in the functions of PSI under Cd
stress could be a result of the destruction of the iron-
sulfur centers and/or of the PSI antenna complex (see
Atal et al. 1991; Chugh and Sawhney 1999; Parmar
et al. 2013).
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5 Conclusions

This study showed that the exogenous application of
low concentration of SA (10 pM) through the rooting
medium alleviated Cd-induced inhibition of the pho-
tosynthetic apparatus in rice seedlings. Our study
showed that the lipid peroxidation, the levels of H,O,
and proline were lowered after combining treatments
with SA and Cd compared to Cd treatment alone. In
addition, our results revealed that the exogenous SA
has a beneficial effect on the photosynthetic apparatus
of Cd-stressed rice plants maintaining the membrane
integrity and increasing the cyclic electron transport
around PSI in thylakoid membranes as defense mech-
anism. The diminished Cd-induced inhibition of the
oxygen evolution in the presence of exogenous SA
could be a result of its influence on the kinetic
parameters of oxygen-evolving reactions preventing
Mn-cluster of OEC from damage or modifications.
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