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ABSTRACT

Sideritis scardica (S. scardica) is a mountain plant, endemic to the central part of the Balkan Peninsula, including
the southern regions of Bulgaria. It is widely used in traditional medicine to treat some respiratory, gastrointestinal
tract, or neurodegenerative diseases, but research data for its cyvtotoxic and anticancer properties are limited. In
the present study, a hydroethanolic extraci of S. scardica from region Trigrad, Bulgaria was prepared and its total
polyphenolic and flavonoid content was determined. Further, its antioxidant, cyiotoxic, and anticancer activiiies
toward a mouse adenocarcinoma cell line, Colon 26 was evaluated in vitro. Higher antioxidant activity and higher
total phenolic and flavonoid content were detected in the S. scardica hydroethanolic extract from region Trigrad as
compared to the publish data for other ecotypes of this species. Also, the extract of S. scardica with a concentration
higher than 200 ug mL’ was found to inhibit the viability and growth of colon cancer cells but not those of the
normal kidney MDCK cells pointing to a cell-specific and concentration-dependent cytotoxic effect. Thus, the current
study demonstrates a high oxidation potential of S. scardica hydroethanolic extract from the region Irigrad and its
eyvtotoxic effects on colon cancer cells when the extractwas applied with concentrations of 200 ug mL* and higher.
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Abstract: A recent investigation has suggested that the enhanced capacity for PSI-dependent cyclic
electron flow (CEF) and PSI-dependent energy quenching that is related to chloroplast structural
changes may explain the lower susceptibility of [1{2 to combined stresses—a low temperature and
a high light intensity. The possible involvement of alternative electron transport pathways, proton
gradient regulator 5 (PGR5)-dependent CEF and plastid terminal oxidase (PTOX)-mediated electron
transfer to oxygen in the response of Arabidopsis plants—wild type (wt) and [uf2—to treatment
with these two stressors was assessed by using specific electron transport inhibitors. Re-reduction
kinetics of Pyy" indicated that the capacity for CEF was higher in [ut2 when this was compared to
wt. Exposure of wt plants to the stress conditions caused increased CEF and was accompanied by a
substantial raise in PGR5 and PTOX quantities. In contrast, both PGR5 and PTOX levels decreased
under the same stress conditions in [uf2, and inhibiting PGR5-dependent pathway by AntA did
not exhibit any significant effects on CEF during the stress treatment and recovery period. Electron
microscopy observations demonstrated that under control conditions the degree of grana stacking
was much lower in [uf2, and it almost disappeared under the combined stresses, compared to wt.
The role of differential responses of alternative electron transport pathways in the acclimation to the
stress conditions that are studied is discussed.

Keywords: alternative electron flows; combined abiotic stress; carotenoid mutant; cyclic electron
transport; PGR5; photoprotection; PTOX
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Abstract

The impact of the salinity on the functional activity of photosynthetic ap-
paratus and pigment composition of Paulounia elongata x kawaekami grown in
soils with different salinity was investigated using PAM chlorophyll fluorescence
and steady-state P~yy photo-oxidation by far-red light. Increase of the soil salin-
ity stimulated the PSII activity while PSI activity was not influenced. Data
also revealed increase of the chlorophylls and carotenoids in the plant grown in
saline soil. The high salt tolerance of the Paulownia elongata x kawakami is
discussed.

Key words: Paulownia, salinity, chlorophyll fluorescence, Prqgg, pigment
composition
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Abstract

Salt stress is one of the abiotic stresses that limits plant growth and yield of plants world wide,
and have a strong influence on the photosynthesis. It is known that high salt concentrations
alter on the protein composition, the amount of pigments, the total lipid and the fatty acid
content of the photosynthetic apparatus, which is accompanied by changes in the structure and
function of chloroplast. Electron microscopic studies have shown that increasing the amount
of salt leads to the destruction of chloroplast envelope, a damage to stromal thylakolds and a
disintegration of the granal thylakoid systems. All these changes decrease the efficiency of
photosynthesis, as the effects depend on the plant species as well as the dose and the duration
of stress. The studies of plants with different sensitivity to salt stress as well as their defence
mechanisms is an important step in better understanding how plants can acclimate to the
adverse environments like salt and other stresses. In this chapter, we review the effects of salt
stress on the structure and the function of the photosynthetic apparatus as well as the defence
mechanisms in plants focusing mostly on the antioxidant defence system and the osmolites.

I. Introduction

I1. Organization of the photosynthetic apparatus

II1. Effects of the salt stress on the plants
II1.1. Plant growth, development and yields
II1.2. Photosynthetic pigments
II1.3. Lipid composition
II1.4. Chloroplasts and thylakoid membranes
II1.4.1. Structure
I11.4.2. Function

IV. Defense mechanism in the plants again the salt stress
IV.1. Antioxidative defense system
IV.2. Xanthophyll cycle
IV.2. Accumulation of the osmolytes

V. Conclusions
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Abstract. In this study, the effects of salt stress on the photosynthetic processes in sorghum
(Sorglum bicolor L. Albanus concep) and maize (Zea mays L. Mayflower) were compared. The plants
were grown in half-strength Hoagland solutions containing different NaCl concentrations (0, 50,
150 and 250 mM NaCl) for 6 days. Pulse Amplitude Modulated chlorophyll fluorescence,
photooxidation of P and pigment analysis were used for characterization of the salinity effects on
the studied plants. The treatment of plants with the high concentrations of NaCl led to an inhibition
of the chlorophyll fluorescence parameters like the photochemical quenching, the rate of
photosynthesis and the linear electron transport in sorghum and maize. All these changes
corresponded to decrease in the pigment content and changes in chlorophyll a/b ratio. The analysis
of the Py photooxidation revealed that the photosystem I photochemistry was inhibited at the
highest NaCl concentration in both studied plants. Data also revealed that sorghum is more
sensitive to salt stress than maize. The reasons for different effects of salt stress on the maize and
sorghum are described.

Key words: chlorophyll fluorescence, pigment content, salt stress, sorghum, maize.
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Abstract: The impacts of different NaCl concentrations (0-250 mM) on the photosynthesis of new
hybrid lines of maize (Zea mays L. Kerala) and sorghum (Sorghium bicolor L. Shamal) were investigated.
Salt-induced changes in the functions of photosynthetic apparatus were assessed using chlorophyll a
fluorescence (PAM and OJIP test) and Py photooxidation. Greater differences between the studied
species in response to salinization were observed at 150 mM and 200 mM NaCl. The data revealed
the stronger influence of maize in comparison to sorghum on the amount of closed PSII centers (1-qp)
and their efficiency (@), as well as on the effective quantum yield of the photochemical energy
conversion of PSII (@pgp). Changes in the effective antenna size of PSII (ABS/RC), the electron flux
per active reaction center (REo/RC) and the electron transport flux further Qa (ETo/RC) were also
registered. These changes in primary PSII photochemistry influenced the electron transport rate (ETR)
and photosynthetic rate (parameter Rgy), with the impacts being stronger in maize than sorghum.
Moreover, the lowering of the electron transport rate from Qp to the PSI end electron acceptors
(REo/RC) and the probability of their reduction (@Ro) altered the PSI photochemical activity, which
influenced photooxidation of Py and its decay kinetics. The pigment content and stress markers
of oxidative damage were also determined. The data revealed a better salt tolerance of sorghum
than maize, associated with the structural alterations in the photosynthetic membranes and the
stimulation of the cyclic electron flow around PSI at higher NaCl concentrations. The relationships
between the decreased pigment content, increased levels of stress markers and different inhibition
levels of the function of both photosystems are discussed.

Keywords: NaCl treatment; OJIP test; PAM chlorophyll fluorescence; photosynthesis; pigment
composition; stress markers
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ment composition, an inhibition of the photochemistry of both photosystems as well as an increase of the
antioxidant activity (FRAP assay), the antiradical activity (DPPH assay), the total flavonoids and the proline
levels were affected only at short salt treatment (10 days) with high NaCl concentration (150 mM). These
Edited by § Barnard changes correspond with some decrease of the maximum quantum yields of photosystem II (Fv/Fm), the
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Abstract: Functions of the photosynthetic apparatus of C3 (Pisum sativum L.) and C4 (Zea mays
L.) plants under physiological conditions and after treatment with different NaCl concentrations
(0—200 mM) were investigated using chlorophyll a fluorescence (pulse-amplitude-modulated (PAM)
and JIP test) and P7gp photooxidation measurement. Data revealed lower density of the photosynthetic
structures (RC/CSo), larger relative size of the plastoquinone (PQ) pool (N) and higher electron
transport capacity and photosynthetic rate (parameter Rg4) in C4 than in C3 plants. Furthermore,
the differences were observed between the two studied species in the parameters characterizing
the possibility of reduction in the photosystem (PSI) end acceptors (REo/RC, REo/CSo and Ro).
Data revealed that NaCl treatment caused a decrease in the density of the photosynthetic structures
and relative size of the PQ pool as well as decrease in the electron transport to the PSI end electron
acceptors and the probability of their reduction as well as an increase in the thermal dissipation. The
effects were stronger in pea than in maize. The enhanced energy losses after high salt treatment in
maize were mainly from the increase in the regulated energy losses (Pnpg), while in pea from the
increase in non-regulated energy losses (®np). The reduction in the electron transport from Qy to
the PSI end electron acceptors influenced PSI activity. Analysis of the Py, photooxidation and its
decay kinetics revealed an influence of two PSI populations in pea after treatment with 150 mM and
200 mM NaCl, while in maize the negligible changes were registered only at 200 mM NaCl. The
experimental results clearly show less salt tolerance of pea than maize.

Keywords: NaCl treatment; JIP test; PAM chlorophyll fluorescence; pea; photooxidation of Pyy,; maize
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Abstract: The present study shows the effect of salinity on the functions of thylakoid membranes from
two hybrid lines of Paulownia: Paulownia tomentosa x fortunei and Paulownia elongate x elongata, grown
in a Hoagland solution with two NaCl concentrations (100 and 150 mM) and different exposure
times (10 and 25 days). We observed inhibition of the photochemical activities of photosystem I
(DCPIHz — MV) and photosystem II (H;O — BQ) only after the short treatment (10 days) with the
higher NaCl concentration. Data also revealed alterations in the energy transfer between pigment—
protein complexes (fluorescence emission ratios F735/Fggs and FgosFess), the kinetic parameters of
the oxygen-evolving reactions (initial Sp-S; state distribution, misses («), double hits (3) and blocked
centers (Sg)). Moreover, the experimental results showed that after prolonged treatment with NaCl
Paulownia tomentosa x fortunei adapted to the higher concentration of NaCl (150 mM), while this
concentration is lethal for Paulownia elongata x elongata. This study demonstrated the relationship
between the salt-induced inhibition of the photochemistry of both photosystems and the salt-induced
changes in the energy transfer between the pigment—protein complexes and the alterations in the Mn
cluster of the oxygen-evolving complex under salt stress.

Keywords: electron transport; low-temperature chlorophyll fluorescence; thylakoid membranes;
NaCl treatment
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Abstract: Drought is one of the main environmental stress factors affecting plant growth and yield.
The impact of different PEG concentrations on the photosynthetic performance of maize (Zea mays
L. Mayflower) and sorghum (Sorghum bicolor L. Foehn) was investigated. The activity of the photo-
synthetic apparatus was assessed using chlorophyll fluorescence (PAM and JIP test) and photooxi-
dation of P7w. The data revealed that water deficiency decreased the photochemical quenching (qP),
the ratio of photochemical to nonphotochemical processes (Fv/Fo), the effective quantum yield of
the photochemical energy conversion in PSII (®pso), the rate of the electron transport (ETR), and the
performance indexes Plita and Plaes, as the impact was stronger in sorghum than in maize and
depended on drought level. The PSI photochemistry (P70 photooxidation) in sorghum was inhibited
after the application of all studied drought levels, while in maize, it was registered only after treat-
ment with higher PEG concentrations (30% and 40%). Enhanced regulated energy losses (®nrg) and
activation of the state transition under drought were also observed in maize, while in sorghum, an
increase mainly in nonregulated energy losses (®no). A decrease in pigment content and relative
water content and an increase in membrane damage were also registered after PEG treatment. The
experimental results showed better drought tolerance of maize than sorghum. This study provides
new information about the role of regulated energy losses and state transition for the protection of
the photosynthetic apparatus under drought and might be a practical approach to the determination
of the drought tolerance of plants.

Keywords: chlorophyll fluorescence; PEG treatment; Proo photooxidation; pigment composition;
membrane injury; maize; sorghum; relative water content
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Abstract: In this study, the impacts of the foliar application of different sodium nitroprusside (SNP,
as a donor of nitric oxide) concentrations (0-300 uM) on two sorghum varieties (Sorghum bicolor L.
Albanus and Sorghum bicolor L. Shamal) under salt stress (150 mM NaCl) were investigated. The data
revealed that salinity leads to an increase in oxidative stress markers and damage of the membrane
integrity, accompanied by a decrease in the chlorophyll content, the open photosystem II (PSII)
centers, and the performance indexes (PI zps and PI ), as well as having an influence on the
electron flux reducing photosystem I (PSI) end acceptors (REo/RC). Spraying with SNP alleviated
the NaCl toxicity on the photosynthetic functions; the protection was concentration-dependent,
and greater in Shamal than in Albanus, i.e., variety specific. Furthermore, the experimental results
revealed that the degree of SNP protection under salt stress also depends on the endogenous nitric
oxide (NO) amount in leaves, the number of active reaction centers per PSII antenna chlorophylls, the
enhanced electron flux reducing end acceptors at the acceptor side of PSI, as well as the stimulation
of the cyclic electron transport around PSI. The results showed better protection in both varieties
of sorghum for SNP concentrations up to 150 uM, which corresponds to about a 50% increase in
the endogenous NO leaf content in comparison to the control plants. Our study provides valuable
insight into the molecular mechanisms underlying SNP-induced salt tolerance in sorghum varieties
and might be a practical approach to correcting salt intolerance.

Keywords: NaCl treatment; nitric oxide; photosynthesis; JIP test; chlorophyll fluorescence; membrane
damage; P700 photooxidation
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Abstract: The effects of short-term treatment with phe-
nylurea (DCMU, isoproturon) and phenol-type (ioxynil)
herbicides on the green alga Chlorella kessleri and the
cyanobacterium Synechocystis salina with different
organizations of photosystem II (PSII) were investigated
using pulse amplitude modulated (PAM) chlorophyll
fluorescence and photosynthetic oxygen evolution meas-
ured by polarographic oxygen electrodes (Clark-type
and Joliot-type). The photosynthetic oxygen evolution
showed stronger inhibition than the PSII photochemis-
try. The effects of the studied herbicides on both algal and
cyanobacterial cells decreased in the following order:
DCMU > isoproturon > ioxynil. Furthermore, we observed
that the number of blocked PSII centers increased sig-
nificantly after DCMU treatment (204-250 times) and
slightly after ioxynil treatment (19-35 times) in compari-
son with the control cells. This study suggests that the
herbicides affect not only the acceptor side but also the
donor side of PSII by modifications of the Mn cluster of
the oxygen-evolving complex. We propose that one of
the reasons for the different PSII inhibitions caused by
herbicides is their influence, in different extents, on the
kinetic parameters of the oxygen-evolving reactions (the
initial S, - S, state distribution, the number of blocked
centers S, the turnover time of S, states, misses and
double hits). The relationship between the herbicide-
induced inhibition and the changes in the kinetic para-
meters is discussed.
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1 Introduction

The application of herbicides in agricultural practice
leads to an increase of pollution levels in soil and water,
causing environmental problems. Their high toxicity, even
at low concentrations, is dangerous for all living organ-
isms. A number of herbicides with an agricultural impor-
tance are reported to act on photosystem II (PSII). They
can be differentiated into two groups according to their
chemical specification and inhibitory patterns: urea/tria-
zine and phenol-type herbicides [1]. PSII is a major mul-
tisubunit chlorophyll-protein complex embedded in the
thylakoid membrane, which drives electron transfer from
water to plastoquinone (PQ) to produce molecular oxygen
and protons using energy derived from light [2-4]. The
herbicides, affecting the functions of PSII, inhibit electron
transfer from Q, to Q, due to the competition of herbicides
with PQ binding to the exchangeable Q, site in the PSII
complex [5, 6]. An accumulation of reduced Q,, as aresult
from blocking of the electron transfer from Q, to Q,, leads
to an increase in the proportion of Q, nonreducing centers
and an influence of the PSII function. It is known that the
phenylurea-type and phenol-type herbicides interact with
different amino acid residues on the D1 protein of PSII [7].

Moreover, Ajlani et al. [8] have suggested that the phe-
nol-type herbicide ioxynil inhibits both the acceptor and the
donor side of PSII. In addition, studies with mutants presup-
posed that asparagine 266, valine 249, phenylalanine 255
and alanine 251 participate in the binding niche of ioxynil
[8]. It has also been shown that the mutant of Synechocystis
6714, in which asparagine at position 266 of the D1 protein
is replaced with tyrosine, is resistant to ioxynil but not to
the phenylurea herbicide DCMU [8]. Later studies on the
double mutant of Synechocystis 6714 with additional sub-
stitution of serine by alanine at position 264 revealed that
this mutant is insensitive to DCMU [9]. Therefore, all these
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Abstract

The impact of exogenous application of different concentrations of salicylic
acid (10, 50 and 100 pM) through the rooting medium on the plant growth, the
pigment content and the photochemical activities of both photosystem I and
photosystemn II was investigated. Data revealed that the observed alterations
strongly depend on the concentration of applied salicylic acid, as 10 pM is the
optimal concentration for the growth and the functional activity of photosyn-
thetic apparatus of rice plants under non-stress conditions. In addition, the
concentrations of salicylic acid lower than 100 pM had no effect on the energy
transfer between the chlorophyll-protein complexes in thylakoid membranes.

Key words: rice, salicylic acid, photochemical activity, pigments, P700,
T7K chlorophyll fluorescence
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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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Bulgarian Academy of Sciences, Sofia, Bulgaria
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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.

Keywords Cadmium stress - Chlorophyll
fluorescence - Oxidative stress - Photochemical
activity - Pigments - Rice - Salicylic acid

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

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40626-018-0102-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40626-018-0102-9&amp;domain=pdf
https://doi.org/10.1007/s40626-018-0102-9

Plant Physiology and Biochemistry 155 (2020) 789-799

Contents lists available at ScienceDirect

Plant Physiology and Biochemistry

. B

ELSEVIER journal homepage: www elsevier.com/locate/plaphy
Research article )
5 . . . Ciieck for
Effects of cadmium on two wheat cultivars depending on different e
nitrogen supply
Ekaterina Yotsova ®, Anelia Dobrikova °, Martin Stefanov”, Svetlana Misheva ",
Monika Bardacova ‘, Ildiké Matusikova ‘, Laura Zidekova ‘. Alzbeta Blehov4®,
Emilia Apostolova ™
* Institute of Biophysics and Biomedical Engineering, Bulgarian Academy of Sciences, 1113, Sofia, Bulgaria
® Institute of Plant Physiology and Genetics, Bulgarian Academy of Science, 1113, Sofia, Bulgaria
 University of S5. Cyril and Methodius, Faculty of Natural Sciences, Department of Ecochemistry and Radi logy, Namestie J. Herdu 2, Trnava, SK-917 01, Slovak
Republic
4 University of SS. Cyril and Methodius, Department of Biochemistry, Namestic J. Herdu 2, Trnava, SK-917 01, Slovak Republic
® Comenius University in Bratislava, Faculty of Natural Sciences, Department of Plant Physiology, Ilkovicova 6, Mlynska dolina, 84 215, Bratislava, Slovak Republic
ARTICLEINFO ABSTRACT
Keywords: Heavy metal pollution as well as improper fertilization management represent serious threats to a clean envi-
Photosynthetic apparatus ronment and healthy food. This study was conducted to investigate how nitrogen supply influences a plant’s
Cadmium

ability to cope with cadmium stress in the two wheat cultivars — the modern cv. Katya (carrier of the semi-
dwarfing gene Rht8) and the old cv. Slomer. Here we examined the effects of 100 pM CdCl; on both wheat
O el genotypes grown hydroponically under three different nutrition regimes of 5.5, 10 and 20 mM NOj by inves-
Pigments tigating plant growth, pigment content and the functional activity of the photosynthetic apparatus through a
Wheat cultivars combination of PAM chlorophyll fluorescence, P700 photooxidation, oxygen evolution and oxidative stress
markers. Data showed that the different genetic background affects the different strategies for metal uptake and
allocation, as well as abilities to deal with oxidative stress. The modern cv. Katya restricts the entry of the metal
to the roots, but allows its translocation to the shoots. Nevertheless, the photosynthetic performance indicated
better protection, possibly mediated by the Rhi8 allele. In contrast, the old cv. Slomer tolerates higher cadmium
levels in roots and possesses efficient barriers against its transfer to the shoots, but still showed more impaired
photosynthetic activity. In general, the impact of cadmium on the photosynthetic apparatus was most deleterious
under the lowest nitrogen concentration which was applied, while the highest nitrogen supply alleviated the
negative effects of cadmium. The data suggest that the modem breeding allele (Rht8), as well as a better nutrition
might contribute to the tolerance to heavy metal stress in the wheat.

Nitrogen
Oxidative stress
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ABSTRACT

This study investigates the impacts of zinc oxide nanoparticles: bare (ZnO NPs) and ZnO NPs coated with silicon shell
(ZnO-51i NPs), on Pisum sativum L. under physiological and salt stress conditions. The experimental results revealed that
the foliar spray with ZnO-5iNPs and 200 mg/L ZnO NPs did not influence the stomata structure, the membrane integrity,
and the functions of both photosystems under physiological conditions, while 400 mg/L Zn0O-Si NPs had beneficial
effects on the effective quantum yield of photosystem II (PSII) and the photochemistry of photosystem I (PSI). On the
contrary, small phytotoxic effects were registered after spraying with 400 mg/L ZnO NPs accompanied by stimulation of
the cyclic electron flow around PSI and an increase of the non-photochemical quenching (NPQ). The results also showed
that both types of NPs (with exception of 400 mg/L ZnO NPs) decrease the negative effects of 100 mM NaCl on the
photochemistry of PSI(P700 photooxidation) and PSII (qp, Fv/Fm, Fv/Fo, Dpgip P exc), as well as onthe pigment content,
stomata closure and membrane integrity. The protective effect was stronger after spraying with ZnO-Si NPs in com-
parison to ZnO NPs, which could be due to the presence of Si coating shell. The role of Si shell is discussed.
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ABSTRACT

The aim of this study was to assess the impact of the microalgae Chlorella vulgaris on the rice seedlings at phy-
siological conditions and under cadmium (Cd) stress. We examined the effects of C. vulgaris in the nutrient solu-
tion on rice seedlings grown hydroponically in the presence and the absence of 150 pM CdCl,, using the low
(77 K) temperature and pulse amplitude modulated (PAM) chlorophyll fluorescence, P700 photooxidation mea-
surements, photochemical activities of both photosystems, kinetic parameters of oxygen evolution, oxidative
stress markers (MDA, H,0, and proline), pigment content, growth parameters and Cd accumulation. Data
revealed that the application C. vulgaris not only stimulates growth and improves the functions of photosynthetic
apparatus under physiological conditions, but also reduces the toxic effect of Cd on rice seedlings. Furthermore,
the presence of the green microalgae in the nutrient solution of the rice seedlings during Cd exposure, signifi-
cantly improved the growth, photochemical activities of both photosystems, the kinetic parameters of the oxy-
gen-evolving reactions, pigment content and decreased lipid peroxidation, H,0, and proline content. Data
showed that the alleviation of Cd-induced effects in rice seedlings is a result of the Cd sorption by microalgae,
as well as the reduced Cd accumulation in the roots and its translocation from the roots to the shoots.

KEYWORDS

Chlorella vulgaris; growth parameters; low temperature chlorophyll fluorescence; PAM chlorophyll fluorescence;
photosynthesis; rice; stress markers
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