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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 uM 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,O, 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.
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1 Introduction

Cadmium (Cd) is one of the most toxic heavy metals and even at trace amounts has harmful effects on
the plant’s development. It has been also found that Cd stress leads to an increase in the production of reactive
oxygen species (ROS) in crop plants [1-3], which causes oxidative damage and thus inhibits the growth and
the photosynthetic activity of plants [4—8]. Cadmium is a mobile element, easily absorbed by the roots, and
transported to the shoots, that negatively affects plant growth [6]. It is well known that the harmful effects of
Cd on the function of photosynthetic apparatus are a result of an influence on the chlorophyll metabolism,
chloroplast ultrastructure, and on the activity of both photosystems [4,6,9,10]. It has been found that Cd
reduces the chlorophyll content, alters the organization of the pigment-protein complexes of the thylakoid
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membranes, which leads to the reduced quantum efficiency of photosystem I (PSI) and photosystem II (PSII)
as well as the net photosynthetic rate [11]. Cadmium-induced changes on both the donor and the acceptor
sides of PSII complex lead to an increase in the amount of inactive PSII centers [6,12]. The inhibition of
the PSII activity is due to degradation of D1 protein of PSII complex, PsbO proteins of the oxygen-
evolving complex (OEC) and damage the light-harvesting complex of PSII [13,14]. It has been proposed
that the Cd competitive binding to the essential Ca>" cofactor in the Mn,Ca cluster of OEC also leads to
inhibition of the oxygen evolution [15]. At the same time, the inhibitory effects on PSI activity were
smaller in comparison to PSII [13].

Therefore, the study of various signaling molecules and microorganisms that alleviate Cd-induced stress
is an important step for environmental ecology, including better protection of crop plants and their production
from the adverse effects of heavy metals.

In recent years the interest in the application of cyanobacteria and green microalgae in ecological and
integrated crop production has grown, especially [16—18]. Micro- and macroalgae have mechanisms that
allow them to remove free metal ions from the aquatic environment, and thus detoxifying and purifying
the water [19,20]. Microalgae are found in abundance in the environment. They live in marine and
freshwater basins and have a photosynthetic apparatus like higher plants, accounting for 32% of the
global photosynthesis [21]. As a result, the use of macro- and microalgae for phycoremediation (removal
of contaminants) has grown in popularity in recent years due to several benefits including abundant
availability, inexpensive, excellent metal removal efficiency and eco-friendly nature [18,22,23].

Microalgae cells can absorb toxic heavy metals from the environment, leading to higher concentrations
of these metals in their cells than in the surrounding water [19,21,23,24]. The rich spectrum of mechanisms
that allow microalgae to survive and thrive in the presence of heavy metals and at the same time to
accumulate these metals in their cells, makes them suitable for practical application as a means of
bioremediation (phycoremediation) [18,22,25]. It has been proposed that microalgae remove heavy metals
directly from contaminated water in two main ways: the first is the metabolism-dependent uptake of
metals by cells at low concentrations of contaminants, and the second is by biosorption, which is an
inactive adsorption process [20,26,27]. Furthermore, the mechanisms by which microalgae remove heavy
metals from the aquatic environment are: extracellular accumulation, which is more active in living
microorganisms; cell surface sorption or complexation (active accumulation of heavy metals by covalent
bonding from living and dead microorganisms); and intracellular accumulation, which can only take place
by living microorganisms [18-20,23,28,29]. Microalgae can also synthesize peptides capable of binding
heavy metals [30], which helps maintain an acceptable concentration of metal ions in the cytoplasm, thus
preventing or neutralizing the potential toxic effect of heavy metals on cells [31]. Chlorella cells can
contain up to 70% of protein (in dry weight), making the biomass very valuable to the food industry [20].

The affinity of microalgae to polyvalent metals makes them suitable for their potential application in the
removal of metal ions from the aqueous medium, as particularly suitable for this purpose are the algae
Chlorella and Scenedesmus [32]. Khan et al. [33] found that the unicellular alga Chlorella vulgaris can
effectively remove Cd ions. Therefore, C. vulgaris is one of the most commonly reported species for
heavy metal removal [20].

In recent years, some studies were focused on the influence of green microalgae on higher plants. It has
been shown that microalgae stimulated germination and plant seedling growth, producing growth hormones,
such as auxins, cytokinins, jasmonic acid, etc. [34,35]. The presence of C. vulgaris in the cultivation medium
of Lactuca sativa promoted its growth and significantly increased fresh and dry weight of seedling, as well as
pigment content [36]. Similar effects of this microalgae have been shown on sugar beet and tomato plants
[37-40]. Some authors have suggested that the stimulation of pigment biosynthesis and the increased
pigment content may improve photosynthetic activity [40], but there is no direct evidence. It has also
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been shown that microalgae alleviate the oxidative damage in plants during drought stress and high salinity
improves antioxidant defense system [41,42].

Despite numerous studies on the role of microalgae in the remediation of heavy metals, to our
knowledge there is no data in the literature on the influence of microalgae on the photosynthetic functions
of higher plants grown with or without heavy metals. We hypothesize that microalgae may mitigate the
adverse effects of Cd action on rice plants. To test this hypothesis, we investigated the effect of the
application of C. vulgaris cells in the nutrient medium of rice seedlings under physiological conditions
and Cd stress by following the changes in oxidative stress markers, growth parameters, pigment content
and photosynthetic functions of rice. In this study, the effects of C. vulgaris on the activity of the
photosynthetic apparatus under physiological conditions and Cd stress were shown for the first time. The
obtained data in the current study will contribute to the elucidation of mechanisms of plant tolerance, as
well as the possibilities for exogenous application of C. vulgaris to reduce the harmful effects of heavy
metals.

2 Materials and Methods

2.1 Plant Material and Cultivation of Green Algae

Rice (Oryza sativa L. Galileo) was chosen as plant material for this study. Rice seedlings were grown
hydroponically under controlled conditions with a light intensity of 150~180 pmol photons m % s ' and 12-h
photoperiod at 28°C/20°C on plastic containers with half-strength Hoagland nutrient solution with modification:
2.5 mM I(NO3, 2.5mM Ca (NO3)2, 1 mM MgSO4, 0.5 mM NH4NO3, 23 IJM H3BO3, 4.5 ]JM MnClz, 04 IJM
ZnS0y4, 0.2 uM CuSOy, 0.25 uM Na,MoQOy, 20 uM Fe-EDTA (pH 6.0) for 14 days. The nutrient solution was
replaced every 4 days with a new one. Details for the cultivation of the plants are given in [3]. After
germination, the seedlings were divided into four groups: (i) control group (grown only on in nutrient solution),
(i) grown on nutrient solution with C. vulgaris, (iii) grown on nutrient solution with 150 uM CdCl, and (iv)
grown on nutrient solution with C. vulgaris and 150 uM CdCl,. Our preliminary studies have found that the
presence of C. vulgaris in the nutrient solution of rice seedlings with optical density OD;¢p = 1.2 has an
optimal effect on the growth and the functional activity of the photosynthetic apparatus of plants.

The analyses were performed on seedlings, treated with C. vulgaris and/or CdCl, for 14 days. The
measurements were made on fully expanded leaves and isolated thylakoid membranes. Thylakoid
membranes were isolated from the rice leaves as described previously [43].

The C. vulgaris cells/culture was kindly provided by Institute of Plant Physiology and Genetics, Sofia,
Bulgaria. Details for the cultivation of the microalgae are given in Rashkov et al. [44]. Algal suspensions in
the exponential phase of growth were used in all experiments.

2.2 Pigment Analysis and Growth Parameters

Pigments were extracted from the rice leaves by grinding with ice cold 80% acetone. The amounts of
chlorophyll a (Chl a), chlorophyll 5 (Chl b) and carotenoids (Car) were determined spectrophotometrically
according the equations given in [45]. The measurements were made using Specord 210 Plus (Edition
2010, Analytik Jena AG, Germany). The pigment content in the leaves was calculated per gram fresh
weight (g FW).

Growth parameters were determined by measuring the roots and shoot lengths at the end of the treatment
with C. vulgaris and/or 150 uM CdCl,.

2.3 Determination of Oxidative Stress Markers
The oxidative stress was assessed indirectly by measuring the levels of some oxidative stress markers in
the leaves: malondialdehyde (MDA), hydrogen peroxide (H,O,) and proline contents. The contents of H,O,,
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MDA and proline in the rice leaves were determined as described previously in Yotsova et al. [3]. The data
was given as nmol per g fresh weight (FW).

2.4 Pulse Amplitude Modulated (PAM) Chlorophyll Fluorescence

Pulse amplitude modulated (PAM) Chl fluorescence was measured on the fully expanded leaves using a
fluorimeter (PAM 101-103, H. Walz, Effeltrich, Germany). The measurements were made as in Stefanov
et al. [46]. Following parameters were determined: F,/Fy-ratio of the photochemical to the
nonphotochemical processes; ®@pgp-effective quantum yield of the photochemical energy conversion of
PSII, (1 —qgp)-amount of the closed PSII centers and the chlorophyll fluorescence ratio (Rgq), which
correlates with the photosynthetic rate [46,47].

2.5 P;y9 Redox-State Measurements

The measurements were made on the dark-adapted (for 15 min) leaves at room temperature using a
PAM-fluorometer (Walz, Effeltrich, Germany) equipped with an ED-800T emitter-detector. The
oxidation—reduction kinetics of P;o9 was determined by illumination of the dark-adapted detached leaves
with fa-red light supplied by a photodiode (102-FR, Walz, Effeltrich, Germany). The changes in P,
oxidation (P7o") were determined by measuring the far-red light induced absorbance changes around
830 nm (AA) and the post-illumination dark reduction of P;,", which was fitted by two exponents with
rate constants k; and &, [48].

2.6 Photochemical Activities of PSI and PSII

The PSII activity was assessed by the PSII-mediated electron transport (H,O, — BQ) and PSI activity
by the PSI-mediated electron transport (DCPIPH, — MV). The measurements were made polarographically
using a Clark-type electrode (Model DW1, Hansatech, Instruments, Ltd., England) as described in [43].

2.7 Oxygen Evolution Measurements

Flash-induced oxygen yields were measured using a custom-built Joliot-type electrode [49]. The
measurements were made as described in [3,43]. The effects of C. vulgaris and/or 150 pM CdCl, on the
oxygen evolution were assessed using the following parameters: 4—amplitude of the oxygen burst under
continuous illumination; Y—maximum amplitude of the flash-induced oxygen yields; S;—populations of
PSII centers in the initial So—S; state distribution in the dark (S + S;=100%); Sg—amount of the blocked
PSII centers; o—the misses. The parameter Sg was obtained using an extended kinetic version of Kok’s
model (for details, see [44]).

2.8 Low-Temperature Fluorescence Measurements

The low-temperature (77 K) chlorophyll fluorescence emission spectra were used to assess the effect of
Cd treatment on the energy distribution between the pigment-protein complexes of the photosynthetic
apparatus. The measurements were made using a Jobin Yvon (JY3) spectrofluorometer equipped with a
liquid-nitrogen device. The chlorophyll fluorescence was excited at 436 nm (for Chl @) and recorded from
650 to 780 nm with slit widths of 4 nm. The ratio F44/Fggs of the fluorescence maxima was used as a
sensitive indicator of the energy redistribution between the two photosystems.

2.9 Determination of Cd Content

Determination of the Cd content was made by a specialized laboratory of University of Forestry, Sofia
(EN ISO 6869). The Cd content was determined by the atomic absorption spectrometry technique (Perkin
Elmer 5000, USA) at 228.8 nm. Details for the measurement and calculation of Cd content in plant
tissues are shown in [43]. Translocation factor (TF = [Cd]shoot/[Cd]root) was calculated as in [50].
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2.10 Statistical Analysis

The mean values (+SE) for all studied parameters were calculated from four independent treatments with
three replicates per each treatment. Analysis of variance (ANOVA) and Tukey’s post-hoc tests was used to
determine the statistical differences between groups in the studied parameters. Values of P<0.05 were
considered as significantly different.

3 Results

3.1 Plant Growth and Pigment Content

The presence in the nutrient solution of C. vulgaris alone significantly increased the roots length (by 56%)
compared to the control group of plants, while the shoots length increased by only 8% (Fig. 1). The
experimental results also showed that the total chlorophyll content slightly increased (by 7%) (Fig. 2A),
while there was not any statistically significant difference in the Carotenoids and Chl a/b ratio in
comparison to the control group of plants (Figs. 2B, 2C). The Cd treatment alone resulted in a reduction in
shoot and root lengths, as well as in the pigment content and an increase in the Chl a/b ratio. Data revealed
that in rice plants grown in the combined presence of CdCl, and C. vulgaris, the Cd-induced changes in
root and shoot length, and pigment content were smaller than that in the plants treated with Cd alone.

- shoots
m roots

Growth parameters (cm)

Control C. vulgaris Cdcl, C. vulgaris
& CdCl,

Figure 1: Effects of C. vulgaris and/or 150 uM CdCl, on the growth parameters (roots and shoots) of rice
seedlings. Mean values (£ SE) are calculated from four independent treatments with three replicates each.
Different letters indicate significant differences at P < 0.05

3.2 Oxidative Stress Markers

The cultivation of rice plants in the presence of C. vulgaris alone in the nutrient solution caused a
decrease in the leaf contents of H,O, (by about 20%), MDA (by 42%) and proline (by 47%) in
comparison with the control plants (Table 1). The Cd stress led to an increase in the content of H,O, in
the leaves by about 25%. The increase in H,O, can lead to lipid peroxidation. The damage of the
membrane lipids in rice plants under Cd stress was assessed by determination of the MDA content in the
leaves. Experimental results showed a significant increase in MDA content (by 90%) in rice plants grown
in the presence of CdCl,. The Cd stress also caused a strong increase (nearly three times) in the amino
acid proline in the leaves of rice plants compared to the control plants (Table 1).
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Figure 2: Effects of C. vulgaris and/or 150 uM CdCl, on the pigments content—total Chl (A), Car (B) and
Chl a/b (C) in rice seedlings. Mean values (+ SE) are calculated from four independent treatments with three
replicates per each treatment. Different letters indicate significant differences at P <0.05

Table 1: Effects of C. vulgaris on the MDA, H,0, and proline contents in leaves of rice seedlings under
physiological conditions or Cd stress

Parameter Control C. vulgaris CdCl, C. vulgaris & CdCl,
MDA (nmol g' FW) 102.1£5.0° 59.1+1.9¢ 202.0+2.7° 112.0+2.6°
H,0, (nmol g ' FW) 109.1 +3.6° 86.8+2.8° 138.3+3.8° 102.3+2.1°

Proline (nmol g' FW) 2102+2.1° 112.0+3.44 633.8+1.5 4223+1.5°

Note: Mean values (+SE) are calculated from four independent treatments with three replicates per each treatment. Different letters indicate significant
differences between the values in the same row (P <0.05).

The observed increase in the levels of studied oxidative stress markers after the treatment with CdCl,
was significantly alleviated by the presence of C. vulgaris in the nutrient solution of the rice plants, as the
increase of MDA was only 15%, the proline levels were doubled, and the H,O, content did not change
compared to the control (Table 1).

3.3 PAM Chlorophyll Fluorescence Parameters

Analysis of the PAM chlorophyll fluorescence curves of leaves from rice plants grown in the presence of
C. vulgaris showed an increase in the studied parameters (Fig. 3), the values of F,/F( by 19%, ®pgy; by 18%,
Rgq by 16% compared to the control group of plants.

Treatment with CdCl, alone resulted in a decrease of the chlorophyll fluorescence parameters ®pg,
F,/Fy and Rg4 (from 9% to 13%) and an increase of the close PSII centers (1 —qp) (Fig. 3). Combined
treatment of the rice plants with CdCl, and C. vulgaris did not show a statistically significant alteration in
the studied parameters (F,/F,, ®psy, Rpg and 1—qp) compared to the control values indicating a
protection of C. vulgaris from Cd-induced effects on PSII photochemistry. The results clearly showed the
protective role of green microalgae in conditions of Cd stress.
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Figure 3: Effects of C. vulgaris and/or 150 pM CdCl, on PAM chlorophyll fluorescence parameters:
Fv/F.ratio of the photochemical to the nonphotochemical processes; ®pgjeffective quantum yield of the
photochemical energy conversion of PSII and (1 —qgp)-amount of the closed PSII centers and the
chlorophyll fluorescence decrease ratio, Rg4, which correlates with the photosynthetic rate. Mean values
(+ SE) are calculated from four independent treatments with three replicates per each treatment. Different
letters indicate significant differences for the corresponding parameter at P <0.05

3.4 Low-Temperature (77 K) Chlorophyll Fluorescence Measurements

Analysis of the 77 K chlorophyll fluorescence spectra showed that the presence of C. vulgaris in the
nutrient solution of the rice plants did not lead to a change in the F,44/F¢gs ratio (Table 2), i.e., the
redistribution of excitation energy between the two photosystems was not affected. The data also showed
that the treatment with CdCl, led to an increase in this ratio, which is associated with an increase in the
energy transfer from PSII to PSI, while the addition of C. vulgaris during Cd stress prevented this increase.

Table 2: Effects of C. vulgaris on the light-induced oxidation of P,y and the low-temperature chlorophyll
fluorescence ratio F,44/Fgg5 under physiological conditions and Cd stress

Parameter Control C. vulgaris CdCl, C. vulgaris & CdCl,
AA/A (%) 100 + 1.09° 101.5+1.32° 80.26+1.18° 90.6+1.11°
k(s 0.62+0.08° 0.67 +0.09° 1.16 £0.02° 0.70 +0.03°
ky (s7h 0.11+0.05° 0.12+0.02° 0.22+0.03° 0.12+0.03°
F744/Fess 1.06+£0.05° 1.14+0.03° 1.40 +0.06 1.17+£0.06°

Note: AA/A-relative changes of far-red light induced oxidation of P ; k; and k constants of fast and slow components of Poo" dark relaxation;
Mean values (£SE) are calculated from four independent treatments with three replicates per each treatment. Different letters indicate significant
differences between the values in the same row (P <0.05).

3.5 Oxidation—Reduction Kinetics of Py

For characterization of PSI photochemistry, we have measured the steady-state Py photo-oxidation
(P700") by far-red light-induced absorbance changes around 830 nm (AA). The post illumination dark-
reduction kinetics of P,y were fitted by two decay exponents with constants k; (for the fast component)
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and k; (for the slow component). Values of the relative amplitudes (AA/A) and the values for the constants (k;
and k) from control and treated plants are shown in Table 2.

The presence of the green microalgae alone in the nutrient solution did not lead to changes in the ratio
AA/A as well as the constants k; and k;, which are similar to control plants (Table 2). Cadmium stress reduced
the relative amount of P,y (the AA/A parameter decreased by about 20%), which indicates an influence on
the photochemistry of PSI in plants treated with CdCl, alone. Cadmium treatment alone also increased the
constant k; (by 45%) and k, (by 50%) compared to control plants. Combined treatment with CdCl, and
C. vulgaris, alleviated the effects of Cd stress (values are close to those of the plants grown in the presence of
C. vulgaris alone), indicating a protective effect of the green microalgae under conditions of heavy metal stress.

3.6 Photochemical Activity of PSII and PSI, and Oxygen-Evolution Parameters

The presence of green microalgae C. vulgaris in the nutrient solution led to stimulation of PSII-
dependent electron transport by about 27%, while the activity of PSI did not change in comparison to the
control plants (Table 3). In rice plants treated only with 150 uM CdCl,, a significant inhibition of the
PSII activity was observed (the electron transport H,O — BQ was inhibited by 46%), while the PSI
activity was much less influenced (electron transport DCPIPH, — MV was inhibited by 7%). The
presence of C. vulgaris during Cd stress reduced the Cd-induced changes, as the inhibition of PSII was
only 15%, while the photochemical activity of PSI was similar to that of control plants (Table 3).

Table 3: Effects of C. vulgaris on the photochemical activities of PSII and PSI, as well as on the kinetic
parameters of oxygen evolution under physiological conditions and Cd stress

Parameter Control C. vulgaris CdCl, C. vulgaris
& CdCl,

PSII activity 4591+1.10° 58.34+2.32° 24.88+1.83¢ 38.80+ 1.34¢
PSI activity 17422 +2.77° 17531 £3.14° 161.65+1.52° 178.91 £4.04°
A (%) 100.00+0.57° 117.05 +3.12° 61.40+4.81¢ 92.21+5.14°
Y (%) 100.00 +0.53° 121.13 £4.95% 40.22 +1.04¢ 78.61 £2.30°
S, (%) 73.82+0.05° 74.80 +0.08° 32.99 £2.20° 53.30+2.51°
Sg (a.u.) 1.39+0.07° 1.43+0.15° 1.90+0.03? 1.51+0.14°

o (%) 27.02+1.01° 27.10+0.09° 38.03 +1.80° 28.2+1.20°

Note: Y-the flash-induced oxygen yields; A-the amplitude of oxygen evolution under continuous illumination; S; (%)-the PSII centers in S, state in the
dark (Sy + S; = 100%); Sg—the amount of the blocked PSII centers; a—the misses. Mean values (+SE) are calculated from four independent treatments
with three replicates per each treatment. Different letters indicate significant differences between values in the same row (P <0.05).

The maximum amplitude of the flash-induced oxygen yields observed after the third flash (Y) and the
amplitude of oxygen evolution under continuous illumination (4) were used to assess the influence of the
green microalgae on the oxygen-evolving complex (OEC) in Cd-stressed rice plants (Table 3). The
parameter A4 correlates with the number of all functionally active PSII reaction centers (i.e., fast and slow
operating centers), while the parameter Y characterizes mainly the fast operating PSII centers situated in
grana domains (see [51]). The cultivation of the rice plants in the presence of C. vulgaris alone in the
nutrient solution led to an increase in flash-induced oxygen yields and the amplitude of oxygen evolution
under continuous illumination (21% for Y and 17% for 4, Table 3). Our results revealed that the treatment
with 150 uM CdCl, strongly inhibited the oxygen evolution, as the values of the studied parameters (¥
and A) significantly decreased compared to the control and the effects were more pronounced for the
flash-induced oxygen yields (¥ decreased by 52%) than for 4 (by 39%). The inhibitory effects of Cd ions
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on the oxygen evolution were much less pronounced in rice plants grown in the presence of C. vulgaris and
CdCl, (Y decreased by 21% and 4 by 8%) compared to the controls, but the values remained lower than those
of control plants (Table 3).

The cultivation of rice plants with C. vulgaris in the nutrient solution did not change the initial dark
distribution of the PSII centers in the S¢—S; states, the parameter Sg and the misses (o) in comparison to
the control plants (Table 3). In rice plants exposed to 150 uM CdCl, we observed an enhance of the
number of blocked PSII centers (Sg) by 43% and of the PSII centers in the S, state in the dark (i.e.,
strongly decrease of the S; state), as well of the misses (o) by 11% compared to the control plants. The
observed changes are probably due to a modification in the Mn-cluster and/or damage to the OEC in the
donor side of PSII. The presence of C. vulgaris in the nutrient solution during treatment with 150 uM
CdCl, reduced the negative effects of Cd ions on OEC (the S¢—S; state distribution in the darkness). The
values for misses (o) and the number of blocked PSII centers (Sg) were similar to those of untreated
plants (Table 3).

3.7 Accumulation of Cadmium in Rice Plants

To determine whether alleviated inhibitory effects of the Cd treatment by C. vulgaris is due to the
different accumulation of Cd in the roots and shoots of the rice plants, the Cd content in microalgae cells
and plant’s tissues was measured (Table 4). Data showed that the application of the green microalgae
during Cd stress decreased the Cd content in both roots and shoots of the rice plants. To assess the ability
of the rice plants to translocate Cd from the roots to the shoots we determined the translocation factor
(TF), which represents the ratio of Cd content in plant shoots to that in the roots [50]. The TF value was
less than 1 under both treatments, as the Cd transport from roots to shoots was more restricted in the
presence of C. vulgaris (TF=0.146) than after treatment with 150 uM CdCl, alone (TF=0.240)
(Table 4). This indicates that the presence of C. vulgaris in the nutrient solution limited the transport of
Cd ions from roots to the shoots. On the other hand, the absorption of Cd ions from the roots is reduced
by about 64% after the application of C. vulgaris, due to the absorption of Cd by the green microalgae
cells, who accumulated about 3852 pg. g~' DW of this metal during the treatment with 150 uM CdCl,.

Table 4: Effect of C. vulgaris on the translocation factor (TF) and the Cd content in rice seedling under Cd
stress

Parameter CdcCl, C. vulgaris & CdCl,
Cd in roots (ug. g ' DW) 3290 + 69° 1170 +79°

Cd in shoots (ug. g ' DW) 789 + 88? 171 £37°

TF 0.240+0.021°  0.146 +0.020

Mean values (+SE) are calculated from four independent treatments with three replicates per each
treatment. Different letters in the same column denote significant differences (P <0.05).

4 Discussion

The current study shows the effects of C. vulgaris on rice seedlings under physiological conditions as
well as under Cd stress. Stimulation of the growth parameters and an increase in the chlorophyll content have
been found in plants grown in the presence of C. vulgaris in the nutrient solution, which is probably due to
the bioactive growth compounds contained in this microalga [20,52,53]. In addition, microalgae also contain
amino acids that are well known for their positive effects on plant growth and yield, stimulating the
biosynthesis of chlorophylls and carotenoids, which leads to improved photochemical activity and an
increase in the leaf mass [54]. Later studies have found a beneficial effect of this alga on sugar beet roots
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and an influence on the regulation of genes involved in various biological pathways of primary and
secondary metabolism [38]. It has also been shown that in tomato plants cultivated with C. Vulgari the
dry and fresh weight increased [37,55], which could be related to the continuous photosynthesis of algae,
which constantly supplies oxygen to the hydroponic nutrient solution [38]. Another possible reason
involved in the biostimulating action of microalgae belonging to Chlorophyta spp. is the production and
excretion of hormones (auxins and cytokinins), vitamins and biostimulants in the medium involved in
growth regulation [20,34,56,57]. Our experimental results revealed that the presence of C. vulgaris in the
nutrient solution of the rice plants resulted in stimulation of the photochemistry of PSII (increased ®pgyy)
and the rate of photosynthesis (parameter Rgy4), and decreased of the amount of the closed PSII centers
(1—gp) (Fig. 3). In contrast to PSII, the activity of PSI was not affected by the addition of green
microalgae to the nutrient solution (Tables 2 and 3). At the same time, there was a decrease in the content
of H,O, (by about 20%), MDA (by 42%) and proline (by 47%) in the leaves of rice seedlings grown in
the presence of C. vulgaris in the nutrient solution compared to the control group of plants (Table 1).

To test whether microalgae can mitigate the adverse effects of Cd ions on the photosynthetic apparatus of
rice seedlings, we investigated the effects of C. vulgaris on the photosynthetic function under Cd stress
caused with 150 uM CdCl,. Our results showed a strong decrease in the chlorophyll and carotenoid leaf
content of Cd-treated rice plants (Fig. 2), which is most likely the result of the influence on the
chlorophyll biosynthesis [4]. The reduction in pigment levels has been previously observed in wheat
[43,58], maize [59,60] and soybeans [61]. The changes in chlorophyll content under Cd stress was
accompanied by an increase in the Chl a/b ratio (Fig. 2). Based on previous studies, which suggested that
the Chl a/b ratio correlates with the amount of the light-harvesting complex II (LHCII) and the degree of
thylakoid staking [51,62,63], we suggest changes in the organization of thylakoid membranes, which
could be a result from the increased lipid peroxidation in the membrane under Cd stress (Table 1). The
inhibitory effect of Cd was also accompanied with a decrease in the growth parameters (Fig. 1).
Alleviation of the effect of Cd stress on the pigment composition and growth parameters was found in the
presence of C. vulgaris (Figs. 1 and 2). The protective effect of green microalgae is likely suppression of
H,0, accumulation and lipid peroxidation rate (Table 1). The exact mechanism is unknown, but
microalgae limit Cd availability by sorption Cd ions [64] and also seem to support barriers preventing Cd
translocation to the shoots. The cell surface is the focal point for the binding of metals to algae [65], and
the sorption of heavy metals involves the exchange of metal ions with surface-bound cations or
protons [66]. Ji et al. [67] also found that live algae have a higher ability to remove metals from
inanimate microalgae biomass. The presence of C. vulgaris during the cultivation of peppers (Capsicum
annuum L.) has been also found to lead to significantly reduced ROS production and lower lipid
peroxidation [68]. In addition, it has been reported that the use of metal-resistant endophytic bacteria can
also interact directly with heavy metals and thus reduce the accumulation of Cd in rice plants (Oryza
sativa L.) improving plant growth and regulating their antioxidant system and endogenous hormones [69,70].

In addition, our data demonstrated that Cd-induced changes in the thylakoid membrane influenced
energy distribution between chlorophyll-protein complexes (Table 2). Data revealed an increase in the
F-44/Fggs ratio, i.e., an increase in the energy transfer from PSII to PSI, which could be a result from Cd-
induced changes of LHCII organization, reducing the amount of the trimers of this complex and
eventually the efficiency of light energy utilization [71]. The experimental results showed that the
presence of the C. vulgaris in nutrient medium prevent Cd-induced influence on the energy distribution
between pigment-protein complexes (Table 2).

Cadmium ions have strong impact on the electron transfer reactions in the PSII complex, which leads to
inhibition of oxygen evolution (Table 3) confirming previous observations [12,72,73]. In addition, it has been
shown that Cd affects both the donor and acceptor side of the PSII, influencing the conformation of the Qg
binding side on the acceptor side of PSII and blocks electron transfer from Q4 to Qg [74]. PAM chlorophyll
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fluorescence measurements in our study showed inhibition of the effective quantum yield of PSII (®pgyy), an
increase of the close PSII reaction centers (1 —qp) and decrease of the photosynthesis rate (Rrq parameter)
(Fig. 3), which is a result from Cd-induced changes in the photosynthetic apparatus. It has also been
suggested that Cd rapidly inhibits the donor side between OEC and the primary electron donor of
Pgso (Yz) [74]. In our previous investigations on rice plants [3], we have shown that Cd influences the
kinetic parameters of oxygen-evolving reactions, as the effect was stronger on the PSIlo centers than
PSIIB centers. The Cd-induced increase in the number of inactive PSII reaction centres and inhibition of
the OEC functions was also observed in wheat seedlings [12,43]. Our current results about oxygen
evolution also showed inhibition of the oxygen evolution (Y and 4 amplitudes) and PSII-dependent
electron transport (H,O, — BQ) (Table 3). Data also revealed that the presence of C. vulgaris in the
nutrient solution reduces the toxic effects of Cd ions on the PSII photochemistry and oxygen evolution
(Table 3). In addition, the experimental results showed a protective effect of C. vulgaris against Cd stress
on oxygen-evolving parameters (flash yields Y and oxygen burst amplitude 4), maintaining the amount of
active PSII centers (i.e., Sg decreased) and the misses (o) with values close to the control (Table 3),
which implies protection of OEC from damage or modifications.

Cadmium-induced alterations in the photosynthetic apparatus were less pronounced in PSI
photochemistry than in PSII photochemistry (Table 3). The kinetics of the dark reduction of P;q," give
additional information about the influence of the Cd toxicity on the PSI complex. Data revealed some
decrease of the AA/A ratio and an increase of the constants k; and k,, which suggest changes in this
complex (Table 2). These changes may be due to the destruction of the iron-sulfur centers and/or the
antenna complex of PSI [4,12,72]. The effect of Cd treatment on both constants (k; and k;) is probably
due to changes occurring in both populations of PSI in the grana margin and in the stromal lamellae area.
Our data revealed a protective effect of C. vulgaris on the PSI photochemistry under Cd stress conditions.
The protective effect of C. vulgaris was not associated with a change in the constant k;, corresponding
with an influence on the cyclic electron transport around PSI (Table 2).

In a previous study, we have shown the protective mechanism of salicylic acid (SA) on rice under Cd
stress [3] . The experiments in this study were conducted under the same conditions, which allows us to
compare the effects of C. vulgaris with the known protective action of SA under Cd stress. The
comparison showed that the effects of Cd on growth parameters, pigment composition and lipid
peroxidation were much less pronounced in the presence of C. vulgaris in comparison to SA. Data also
showed that the protective effects of green microalgae and SA [3] are almost the same on the
photochemical energy conversion in PSII, the amount of the open PSII centers, the rate of the
photosynthesis (Rg4q parameter) (Fig. 3), as well as the PSI photochemistry under Cd stress (Table 3). One
of the protective mechanisms of the SA under Cd stress is the stimulation of PSI-dependent cyclic
electron transport [3], which is not observed in the presence of green microalgae (Table 2). It should also
be noted that the addition of C. vulgaris to the nutrient solution decreased the accumulation of Cd in the
roots and shoots of the rice plants due to its sorption by the green microalgae cells as proposed
previously [18-20,23], while the treatment with SA more severely restricted transport of Cd from the
roots to the leaves, i.e., TF factor in the present of SA is lower (0.105 + 0.018, unpublish data) than that
after addition of C. vulgaris (0.146 + 0.020, Table 4). A protective effect has been shown previously for
the microalgae Spirulina maxima and Chlorella ellipsoida, which increased wheat tolerance to salinity by
increasing antioxidant protection [42]. Stimulation of antioxidant protection in the presence of C. vulgaris
under Cd stress cannot be excluded.

In summary, the experimental results in the current study showed that the application of C. vulgaris in
the nutrient solutions stimulates plant’s growth and increases the chlorophyll content, as well as improves the
functional activity of the photosynthetic apparatus. The observed effects are a result of the biostimulating
action of the microalgae, which synthesize and exclude in the medium hormones of growth regulation.
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The application of green microalgae under Cd stress reduced its toxic effects in the rice seedlings by
absorbing the ions of this heavy metal, as well as by reducing the Cd accumulation in roots and the Cd
translocation from roots to shoots.
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