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Trace metal contaminations in natural waters, wetlands, and wastewaters pose serious
threats to aquatic ecosystems—mainly via targeting microalgae. In this work, we
investigated the effects of toxic amounts of chromium and cadmium ions on the
structure and function of the photosynthetic machinery of Chlorella variabilis cells. To
halt the propagation of cells, we used high concentrations of Cd and Cr, 50-50 mg L™, in
the forms of CdCl, x 2.5 H,O and K,Cr,O-, respectively. Both treatments led to similar,
about 50% gradual diminishment of the chlorophyll contents of the cells in 48 h, which
was, however, accompanied by a small (~10%) but statistically significant enrichment (Cd)
and loss (Cr) of B-carotene. Both Cd and Cr inhibited the activity of photosystem Il (PSII) —
but with more severe inhibitions with Cr. On the contrary, the PsbA (D1) protein of PSIl and
the PsbO protein of the oxygen-evolving complex were retained more in Cr-treated cells
than in the presence of Cd. These data and the higher susceptibility of P700 redox
transients in Cr-treated cells suggest that, unlike with Cd, PSlI is not the main target in the
photochemical apparatus. These differences at the level of photochemistry also brought
about dissimilarities at higher levels of the structural complexity of the photosynthetic
apparatus. Circular dichroism (CD) spectroscopy measurements revealed moderate
perturbations in the macro-organization of the protein complexes—with more
pronounced decline in Cd-treated cells than in the cells with Cr. Also, as reflected by
transmission electron microscopy and small-angle neutron scattering, the thylakoid
membranes suffered shrinking and were largely fragmented in Cd-treated cells,
whereas no changes could be discerned with Cr. The preservation of integrity of
membranes in Cr-treated cells was most probably aided by high proportion of the de-
epoxidized xanthophylls, which were absent with Cd. It can thus be concluded that beside
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strong similarities of the toxic effects of Cr and Cd, the response of the photosynthetic
machinery of C. variabilis to these two trace metal ions substantially differ from each
other—strongly suggesting different inhibitory and protective mechanisms following the

primary toxic events.

Keywords: cadmium, chromium, circular dichroism, electron microscopy, green alga, P700, photosystem Il, small-

angle neutron scattering

INTRODUCTION

Aquatic ecosystems may extensively be contaminated with heavy
metals arising from domestic and industrial activities. This may,
in turn, have devastating effects on these ecological units (Baby
et al,, 2010; Yilmaz et al,, 2017). In general, toxic effects of trace
metal ions are related to the production of reactive oxygen
species (ROS), which, in turn, induces adverse effects, a variety
of reactions depending on the organism, the chemical nature and
concentration of the heavy metals, and some additional factors
(Pinto et al,, 2003; Mota et al., 2015). Among the trace metal ions,
subjects of the present study, cadmium and chromium are both
potentially highly toxic ions, which retard the growth of green
algae and inhibit their photosynthetic functions (Kumar et al.,
2014; Machado and Soares, 2015; Mota et al., 2015).

Cadmium is a rare element in the earth’s crust. Its elevated
levels arise mainly from mining, non-ferrous metal production,
disposal of NiCd rechargeable batteries and electronic products,
phosphate fertilizers, and manure. Cd is one of most dangerous
of heavy metals, mainly due to its relatively long biological half-
time. Plants and phytoplankton accumulate and store this
element for long time, which can thus be transferred to higher
trophic levels of the food chain (Conway, 1978). Its half-time in
human body can be as long as 25-50 years (Wagner, 1993).

In general, Cd** induces oxidative stress, manifested, among
others, in increased lipid peroxidation and depletion of ascorbate
and glutathione stores (Maret and Moulis, 2013). The toxic effect
of Cd** on photosynthesis may involve several different
mechanisms (Vanassche and Clijsters, 1990; Grzyb et al., 2004;
Faller et al, 2005). In the cyanobacterium Synechocystis PCC
6803 toxic amounts of Cd ions led to the degradation of the D1
protein of PSII and the gradual loss of all photochemical activity
of the thylakoid membranes, which, however, has been shown to
be triggered by inhibitory effects in the dark reactions of
photosynthesis (Toth et al., 2012). In the cyanobacterium
Nostoc entophytum, cadmium exposure of cells appeared to
trigger adverse effects, series of events, including destruction of
some pigment-protein complexes, changes in catalase activity
and lipid peroxidation and membrane damage, as well as
protective mechanisms, such as the induction of chaperon
proteins (Alidoust et al., 2019). In the freshwater green alga
Micrasterias denticulata, inhibition of PSII activity and the
damage in chloroplast ultrastructure has been shown to arise
from a disturbance of Ca homeostasis probably via displacement
of Ca by Cd (Andosch et al.,, 2012; Volland et al., 2014). Toxic
concentrations of Cd in Chlorella vulgaris led to decreased
chlorophyll and protein contents, evidently due to increased

levels of H,O, and O, —but antioxidant protective mechanisms
were also activated via SOD, catalase and peroxidase, and
glutathione reductase enzymes (Cheng et al., 2016). In
Chlamydomonas reinhardtii exposed to 600 uM CdCl,, which
slowed down the cell division by about 30%, Cd ions
accumulated relatively rapidly in the chloroplasts—explaining
its ~50% inhibitory effect on PSII in 24 h; at the same time no
noticeable damage in the ultrastructure was seen (Samadani
et al., 2018). Possible targets for direct effects of Cd were
identified in barley thylakoids as the Mn cluster, plastocyanin,
carbonic anhydrase, and the FtsH protease (Lysenko et al., 2019).

Chromium is the seventh most abundant metal in the earth’s
crust. It is nonessential for plant and algae and its toxicity
depends on its valence state and concentrations. Unlike the
metallic form, Cr(0), and the Cr(IIl) ion, which are not toxic,
Cr(VI) is highly toxic. Hexavalent Cr(VI) in the environment
and in surface waters is almost totally derived from human
activities, electroplating, leather tanning, and textile industries
(Yu et al,, 2011).

The toxicity of Cr(VI) is manifested in its capability of
inducing oxidative stress, due to the formation of ROS upon
the conversion of the hexavalent form to Cr(III) in the
organisms. This, in principle, accounts for its phytotoxic
effects, inhibition of growth, and degradation of photosynthetic
pigments (Panda and Choudhury, 2005). However, details of the
mechanisms of the reduction of Cr(VI) to Cr(III) on the
organelle level, and in algal chloroplasts, in particular, are still
unclear (Chen et al., 2016). Further, the toxicity of chromium can
be recognized at several different levels of the structural and
functional complexity of the photosynthetic machinery. The
enhanced oxidative stress and lipid peroxidation in Chlorella
pyrenoidosa treated with up to 40 mg L™" (0.7 mM) Cr led to the
photodestruction of D1 protein of PSII. High concentration (1
mM) of Cr, administered to the green alga Micrasterias
denticulata, revealed the rapid generation of ROS demonstrating
the efficient uptake of Cr by the cells; which in turn, activated some
antioxidant protection mechanisms and also led to deteriorations
in the chloroplast ultrastructure (Volland et al., 2012). (Short-term
toxic effects, used in this study were similar to the long-term effects
induced by much lower Cr concentrations in several weeks.)
Nevertheless, complexity of the toxic effects in green algae is
shown by the several independent studies and observation of
adverse effects and different factors determining the apparent
nature and magnitude of damage. The exposure of wild type
and mutant Chlamydomonas reinhardtii to Cr led to different
magnitudes of PSII photoinhibition, depending on the functional
activity of the xanthophyll cycle (XC) (Ait Ali et al,, 2008)—
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suggesting the active protective roles of the non-photochemical
quenching (Demmig-Adams et al., 2014) and of the antioxidant
activity of zeaxanthin (Zx) (Havaux et al,, 2007). It is equally
interesting that the availability of inorganic phosphate largely
alleviated the Cr-toxicity induced damage to thylakoid
membranes in Chlorella vulgaris (Qian et al., 2013).

As outlined above, the most common feature, and basis of the
toxic effects of both Cd and Cr on the photosynthetic machinery
in algae is that these trace metal ions induce oxidative stress. It is
also clear, as revealed by several studies that—possibly as
consequences of the primary effect of ROS production—there
are adverse inhibitory effects, damages, and protective
mechanisms. However, these were uncovered using different
organisms and experimental conditions—and thus no firm
conclusion can be reached concerning the putative similarities
and possible differences in the mechanisms of toxicity and
defense in the presence of Cd and Cr. A step in this direction,
in the present study we carried out systematic experiments on the
effects of these trace metal ions on the structure and functions of
the photosynthetic machinery in Chlorella variabilis—and show
that beside some basic similar features there are important
differences between the Cd- and Cr-induced stress responses at
the primary level of photochemical reactions, the pigment
compositions, and the levels of macroorganization of the
protein complexes and the thylakoid membranes.

MATERIALS AND METHODS

Alga Cultures and Conditions;
Determination of Cell Numbers

Chlorella variabilis 211-6 cultures were grown in Tris-acetate-
phosphate (TAP) medium at a light intensity of 100 pmol
photons m™ s™' at 24-25°C. One hundred ml Erlenmeyer
flasks containing 50 ml TAP medium were shaken at 120 rpm
and the cultures were grown for 4 d before use. Cells were
counted with Dual Fluorescence Cell Counter (Luna'™' f1, Logos).

Cadmium and Chromium Treatments
Four-day old algal cultures were treated with CdCl, x 2.5 H,O
(Sigma) or K,Cr,0O; (Sigma). The trace metal ion content was 50
mg L' —corresponding to 446 and 942 uM Cd** and Cr**,
respectively. These amounts inhibited about equally the
cell growth.

Pigment Determination
For pigment determination 2 ml aliquots of alga cultures were
spun down and the cells were resuspended in 2 ml 90% acetone.
Pigments were extracted for 30 min with continuous shaking at
1,000 rpm at 20°C in the dark. The extract was centrifuged at
11,500 g for 10 min at 4°C, and the supernatant was collected and
passed through a PTFE 0.2 pm pore-size syringe filter.
Quantification of carotenoid contents was performed by
HPLC, using a Shimadzu Prominence HPLC system (Shimadzu,
Kyoto, Japan) consisting of an LC-20AD pumps, a DGU-20A
degasser, a SIL-20AC automatic sample injector, CTO-20AC
column thermostat, and a Nexera X2 SPD-M30A photodiode-

array detector. Chromatographic separations were carried out on a
Phenomenex Synergi 4 um Hydro-RP 804, 250 x 4.6 mm column.
Twenty microliter aliquots of acetonic extract were injected to the
column and the pigments were eluted by a linear gradient from
solvent A (acetonitrile, water, triethylamine, in a ratio of 9:1:0.01)
to solvent B (ethylacetate) followed by 15 min re-equilibration in
solvent A. The gradient from solvent A to solvent B was run from
0 to 25 min at a flow rate of 1 ml min~". The column temperature
was set to 25°C. Eluates were monitored in a wavelength range of
260-750 nm. Pigments were identified according to their retention
time and absorption spectrum and quantified by integrated
chromatographic peak area recorded at the wavelength of
maximum absorbance for each kind of pigments using the
corresponding molar decadic absorption coefficient (Jeffrey
et al., 2005).

Fast Chlorophyll-A Fluorescence (OJIP)

Fast Chl-a fluorescence measurements were carried out at room
temperature with a Handy-PEA instrument (Hansatech
Instruments Ltd, UK). C. variabilis cells were dark acclimated
for 15 min and then 3 ml of cell suspension (10 pg Chl ml™") was
filtered onto a Whatman glass microfiber filter (GF/B). The
sample was illuminated with continuous red light (3,500 pmol
photons m ™ s™") for 3 s. The first reliably measured point of the
fluorescence transient is at 20 us, which was taken as F,,

Oxidation-Reduction Kinetics of P700

The light-induced redox changes of P700 were monitored by
measuring the absorbance changes at 820 nm with a Dual PAM-
100 chlorophyll fluorometer (Heinz Walz). The sample
(equivalent to 20 pg Chl) was filtered onto a filter paper disk
and the cells were dark acclimated for 3 min before the
measurements. In order to determine the amount of total
photo-oxidizable P700, 10 s far-red pre-illumination followed
by a 200 ms long pulse with 1,000 umol photons m™ s'
maximum photon flux density was used.

Western Blot Analysis

At each time point, 1 ml of culture were collected, spun down for
removal of the supernatant and frozen in liquid N,. Melted
samples were resuspended in 250 pl 2x Laemmli buffer. The same
volume of 425-600 pm glass beads (Sigma) were added and
the cells were homogenized at 8,000 RPM for 30 s 6 times with
30 s intervals in a Precellys Evolution homogeniser (Bertin
instruments). The homogenates were incubated at 65°C for
5 min and centrifuged for removal of cell debris. Proteins
separated by 15% Tris-Glycine-SDS-PAGE (Hoefer SE250 Gel
System) were transferred to a polyvinylidene difluoride
membrane (Hybond P) with a semidry blotting system
(Cleaver Scientific Ltd) using methanol-containing buffer (25
mM TRIS, 192 mM glycine, 20% methanol). The membranes
were blocked using 5% milk powder in TBST buffer (10 mM
TRIS pH 8.0, 150 mM NaCl, 0.1% Tween 20) for 1 h and
incubated with primary antibodies in TBST buffer for 1 h.
Specific polyclonal antibodies (produced in rabbits) against
PsbA and PsbO were purchased from Agrisera AB. As
secondary antibody, a goat anti-rabbit IgG horseradish
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peroxidase conjugate (Millipore) at a 1:5,000 dilution in TBST
buffer was applied for 1 h. Immunochemical detection was
carried out with the ECL Prime System (GE Healthcare),
according to the instructions of the manufacturer.

Circular Dichroism Spectroscopy

CD spectra of intact C. variabilis cells were recorded at room
temperature using a Jasco J-815 spectropolarimeter. The spectra
were recorded between 400 and 800 nm with bandwidth of 2 nm
and data pitch of 1.0 nm. The scan speed was set to 100 nm/min
and the integration time was 1 s. The CD spectra were
normalized to the red-most absorbance maxima, at around 690
nm, with a reference wavelength at 750 nm.

Specimen Preparation for Electron
Microscopy

C. variabilis cells were fixed in Karnovsky solution (Karnovsky,
1965) containing 2% paraformaldehyde (Sigma; St. Louis, MO,
USA) and 2.5% glutaraldehyde (Polysciences; Warrington PA,
USA) in phosphate buffer for overnight at 4°C. After fixation,
samples were rinsed in distilled water (pH 7.4) for 10 min
followed by a 2% OsO, solution (in distilled water, pH 7.4) for
60 min (Millonig, 1961). After osmification, samples were briefly
rinsed in distilled water for 10 min, then dehydrated through a
graded series of ethanol (from 50% to 100%; Molar; Halasztelek,
Hungary) for 10 min in each concentration and proceeded
through propylene oxide. Dehydrated samples were embedded
in an epoxy-based plastic (Durcupan ACM; Sigma) then
polymerized at 56°C for 48 h. Fifty nm ultrathin sections were
cut from the plastic blocks on an Ultracut UCT ultramicrotome
(Leica; Wetzlar, Germany) and placed on single-hole formvar-
coated copper grids (Electron Microscopy Sciences; Hatfleld, PA,
USA). Ultrathin sections were contrasted with 2% uranyl acetate
(Electron Microscopy Sciences) in 50% ethanol (Molar) and 2%
lead citrate (Electron Microscopy Sciences) in distilled water
(Reynolds, 1963; Hayat, 1970).

Electron Microscopic Morphometry of
Thylakoid Membranes

Samples were evaluated under a JEM-1400Flash transmission
electron microscope (JEOL; Tokyo, Japan) to identify the
morphological characteristics of the thylakoid membranes. The
specimens were systematically screened at 5,000x magnification to
localize the cells on the grid. Afterward, thylakoid membranes were
recorded at 30,000-100,000x magnification with a 16 MP Matataki
Flash scientific complementary metal-oxide-semiconductor
(sSCMOS) camera (JEOL). Quantitative analysis of the thylakoid-
membrane repeat distances was conducted i situ, using the built-in
tools of the transmission electron microscope. Data of these
measurements represented as mean * standard error of the mean.

Small-Angle Neutron Scattering

The experiments were performed on the small-angle neutron
scattering (SANS) II instrument of the Paul Scherrer Institute
(PSI, Villigen, Switzerland). The applied settings for the
measurements of the samples were: SD=1.22 m; collimation,

2 m; A=5.52 A; and SD=4 m; collimation, 4 m; A=5.52 A for the
high-Q and low-Q, regions, respectively. (SD, sample-to-detector
distance; Q, momentum transfer). As a subtractable sample
background, we measured the D,0O-based TAP buffer, which
was used as a suspension buffer for the algal cells during the
measurements. For detector efficiency calibration the
measurements were performed on Cd plate, cuvette and H,O
in a quartz cuvette with 1 mm path length and 1 cm width, with
instrument setting of SD, 1.22 m; collimation, 2 m; and A, 5.52 A.
For data treatment the “Graphical Reduction and Analysis SANS
Program” package (GRASP) (developed by C. Dewhurst, ILL)
was used. The samples were measured in a sample holder with
permanent magnets providing a ~ 0.4 T magnetic field in the
horizontal direction perpendicular to the neutron beam. The
orientation of the samples was clearly visible on the 2D scattering
images. Consequently, during the data treatment, two sectors
with 90° opening angle were used for radial averaging of the 2D
scattering images. The 1D curves were fitted with the sum of four
Gaussians and a power function, similar to the method described
earlier (see Nagy et al., 2013).

Statistics

All statistical analyses were carried out using OriginPro 8
program. All measurements were performed by at least 3
independent biological replicates. The exact number of
replicates are indicated in the figure legends. Data are
expressed as mean + SE. Significance levels were tested by one-
way ANOVA at p<0.05. Multiple comparison of the means were
performed by Bonferroni post-hoc test.

RESULTS AND DISCUSSION

Effects of Cd and Cr on Growth and
Pigment Contents

As shown in Figure 1A, high concentrations, 50-50 mg L', of
Cd and Cr blocks the division of cells, i.e. halts the growth of the
culture, but without leading to noticeable decrease in the number
of cells. Using high concentrations of trace metal ions,
considerably higher than the concentrations found in
contaminated waters (up to 100 pg/L for Cd and 22 pg/L for
Cr) (Kabata-Pendias and Pendias, 2001; Frey et al., 2004;
Oliveira, 2012; Idrees et al., 2018), offers the possibility of an
easier monitoring of the rapidly developing effects of toxicity
(Volland et al., 2012). The treated samples suffer gradual
bleaching, an approx. 40% decrease in the Chl(a+b) content of
the cells in 48 h both in the presence of Cd and Cr (Figure 1B).
At the same time, only small, statistically insignificant variations
between 3.5 and 3.6 were seen in the Chl a/b ratio, except after
48 h Cr-treatment, in which it decreased to 3.28 (data not
shown). Small but statistically significant changes were
observed in the f3-carotene/Chl(a+b) ratios, an ~10% increase
in all Cd-treated samples, and decrease of about the same
magnitude after 48 h in the Cr-treated cells, suggesting some
enrichment and depletion, respectively, of the core complexes
relative to the light-harvesting antennae. It is also interesting to
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FIGURE 1 | Effects of cadmium and chromium ions, 50 mg L~" each, on the
growth (cell number) (A), Chl (a+b) contents (B) and B-carotene/Chl (a+b)
ratio of C. variabilis cells; mean values + SE from five independent
experiments. Different letters in panels (B, C) indicate statistically significant
differences (ANOVA with Bonferroni post-hoc test, P<0.05).

note that albeit the changes are small, the variations in the
presence of Cd and Cr are of opposite direction.

Distinct Inhibitory Effects of Cd and Cr on
the Photochemical Apparatus

As shown in Figure 2, both Cd (A) and Cr (B) strongly affected
the fast Chl a (OJIP) fluorescence transient. The polyphasic rise
of the variable fluorescence (F,) is a sensitive indicator of the
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FIGURE 2 | Effect of cadmium (A) and chromium (B) ions on the fast Chl-a
fluorescence (OJIP) transients of C. variabilis cells 12, 24, and 48 h after the
trace metal treatments of 50 mg L™" ion contents, compared to the untreated
cells. The kinetic traces represent the averages from five independent
experiments on different batches. The traces are normalized to Fo.
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photosynthetic electron transport processes (Govindjee, 2004;
Strasser et al., 2004; Lazar, 2006; Toth et al., 2007). The first (O])
phase, which is conventionally referred to as the photochemical
phase, is associated with the reduction of the primary quinone
acceptor Q4 of PSII; the JI step, occurring between about 3 and
30 ms, is related to the reduction of the PQ pool, and the rise
from level I to the P maximum is correlated with the reduction of
PSI acceptor side.

It can be seen that in the presence of Cd, the overall shape of
the OJIP transient is only moderately affected (Figure 2A). After
12 h the relative intensity of the OJ phase somewhat increased
compared to the other phases, but afterward the magnitude of
the variable fluorescence was gradually suppressed with kinetic
features similar to the control. This suggests that (i) inhibition of
the PSII charge separation, i.e. the reduction of Q,, is not the
primary target of Cd—in good accordance with our earlier
findings on cyanobacterial cells (Toth et al., 2012); (ii) in later
phases (24-48 h) of Cd-toxicity, the OJIP curves can be
interpreted as an overall suppression of the photochemical
activity of the membranes, in which the remaining active PSII
centers were feeding electrons into the remaining whole chain
electron transport system; and (iii) the inactive centers
contributed to the fluorescence, gradually elevating the F, level
from 29% (t=0) to 37% (12 h), 41% (t=24 h), and 56% (t=48 h)
relative to Fm(=P) (data not shown). Although it is clear that the
primary site of action of Cd is not PSII, the significance of PSII
inhibitory site is marked by the observation that in Cd-resistant
Chlamydomonas reinhradtii the inhibitory effects detected by
OJIP transients were largely eliminated (Yu et al, 2018). The
genes involved in photosynthesis, glutathione metabolism, and
calcium transport were related to Cd tolerance.

In the presence of Cr, the OJIP curves exhibited different
features compared to the control and the Cd-treated samples
(Figure 2B): (i) after 12 h of the treatment, the fluorescence rise
was dominated by the O] phase and the contribution of the JI
and IP phases were unusually small—a rise kinetics similar to
that obtained on 50 UM Cr-treated pea after 96 h (Todorenko
et al., 2020), which indicated that the earliest effect on the
photosynthetic electron transport chain was in the intersystem
electron transport; (ii) similar to the OJIP transients on Cr-

treated pea, we also observed a pronounced rise of the F, level
to 44% at 12 h (data not shown), which was attributed to the
partial reduction of Q, (Todorenko et al., 2020); (iii) in later
phases of the toxic effects, the JI and IP phase were absent and
the F, level, which probably also contained contributions from
inactive PSII complexes, rose further, to 76% (t=24 h) and 93%
(t=48 h), virtually eliminating the F,. It is interesting to note
that the fluorescence rise observed in the sample treated with
high concentration (50 mg L™', corresponding to 962 uM) Cr
also closely resembles the transient of M. denticulata treated
with 10 uM Cr(VI) for 3 weeks (Volland et al., 2012). These
authors also observed that Cr toxicity doubled the rate of
respiration while reduced the net oxygen evolution to 10% of
the original value.

In reasonable agreement with the data above, we found that the
D1 protein of PSII and the PsbO protein of the oxygen-evolving
complex (OEC) degraded considerably faster in the presence of Cd
than with Cr. In the presence of Cr large fractions of these proteins
were retained even 48 h after the treatment, whereas with Cd, only
traces of these key proteins of PSII photochemistry were seen
(Figure 3). These findings support the notion that Cd and Cr
exhibit distinct mechanisms of the complex series of toxic effects
on the light reactions of photosynthesis.

In good agreement with the conclusion that upon Cr treatment
of the cells, the strongest effects on the photochemical apparatus
are found around the cytochrome b/f complex and PSI
(Todorenko et al., 2020), we also found that the linear electron
transport rate (ETR) and the photooxidizable concentration of
P700 are severely inhibited (Figures 4A, B, respectively). These
inhibitory effects on ETR and on the activity of PSI were less
pronounced with Cd. Indeed, in cyanobacteria in the presence of
Cd, light-dependent ROS accumulation has been shown to lead to
the degradation of the D1 protein and to block its repair
mechanism, and to exert only minor influence on the redox
transients of P700 (Toth et al., 2012; Du et al, 2019). In
Chlorella pyrenoidosa PSII exhibited higher sensitivity to Cd
exposure than PSI and it is suggested that the PSI-dependent
cyclic electron transport can alleviate the harmful effect of Cd on
PSI (Wang et al., 2013). Direct effect of Cd on the donor side of
PSII has also been demonstrated in Chlamydomonas reinhardtii
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FIGURE 3 | Western blot analysis for the PsbA and PsbO proteins of Control, Cd and Cr treated Chlorella variabilis cultures. The first two lanes (25%, 50% of
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FIGURE 4 | Effects of cadmium and chromium ions on the photosynthetic
electron transport rate (ETR) (A) and the light-induced redox turnover of the
PSI reaction center P700 (B) of C. variabilis cells at 12, 24, and 48 h after the
trace metal treatment of 50 mg L™" ion contents, compared to the untreated
(control) cells. Mean values + SE from five independent experiments on
different batches. Different letters indicate statistically significant differences
(ANOVA with Bonferroni post-hoc test, P<0.05).

(Faller et al., 2005); photoactivation of PSII is inhibited upon Cd
treatment at a low concentration. The inactivation of PSII water
splitting capability increases the production of ROS via donor-side
induced photoinhibition (Vass, 2012). The accumulation of ROS
results in the degradation of PSII protein subunits, mainly the RC,
and also the bleaching of chlorophylls. Cadmium-induced

oxidative stress causes not only protein oxidation but also lipid
peroxidation. Degradation and chemical modification of
membrane lipids (Shah et al,, 2001) can interrupt the thylakoid
membrane integrity.

Perturbation of the Macro-Organization of
the Protein Complexes by Cd and Cr
Consequences of the toxic effects of Cd and Cr on the pigment
contents and protein complexes led to well discernible alterations
in the macro-organization of the protein complexes in the
thylakoid membranes, as revealed by CD spectroscopy. CD
spectroscopy is a noninvasive technique, which provides
information on the organization of the pigment systems in
hierarchically organized molecular assemblies (Garab and van
Amerongen, 2009). The giant psi-type CD signals reflect the
long-range chiral order of the chromophores in the pigment-
protein complexes; it is superimposed onto their individual
excitonic CD signals given rise by short-range pigment-
pigment interactions. The psi-type CD is sensitive to both the
lateral order of the complexes and the stacking of membranes
and also depends on the size and composition of the chiral
macrodomains which, in higher plants and green algae are
formed by the PSII-LHCII supercomplexes (Garab et al., 1991;
Goss and Garab, 2001; Kovacs et al., 2006; Nagy et al., 2014). The
psi-type CD bands of thylakoids are found at around (+)686-690
nm, (—)672-676 nm and at around (+)505-510 nm; these bands
have been shown to possess distinct sensitivities to variations in
the osmotic and ionic strengths and respond in different manner
to the stacking interactions of membranes (Lambrev and Akhtar,
2019). The main positive psi-type bands in the red have been
shown to depend largely on the LHCII content of the
membranes, while the (+)blue band appears only in the
presence of PSII-LHCII supercomplexes and does not depend
on the xanthophyll composition of the membranes (Toth
et al., 2016).

As shown in Figure 5, both Cd (A) and Cr (B) affect
moderately the chiral macroorganization of the protein
complexes in the thylakoid membranes of C. variabilis cells. It
appears that all the three psi-type bands are diminished, which
suggests an overall perturbation of the long-range order of the
protein complexes in the membrane—with more pronounced
changes in the presence of Cd (Figure 5A). (N.B. the diminished
magnitudes cannot be accounted for by the decreased pigment
contents of the cells since the spectra are normalized to the red-
absorbance maxima of the samples.)

Distinct Effects of Cd and Cr on the
Ultrastructure of Thylakoid Membranes
Compared to CD spectroscopy, TEM images revealed much
stronger distinction between the effects of the two trace metal
ions on the organization of thylakoid membranes (Figure 6). EM
images of Cd-treated samples revealed some irregularities and
membrane undulations in the presence of Cd after already 12-24
h; after 48 h the membranes became somewhat fuzzy in their
appearance (Figure 6A). At the same time no significant
alterations could be discerned in Cr-treated cells. In perfect
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FIGURE 6 | Electron microscopy images (A) and thylakoid-membrane repeat
distances (RD(TEM)) (B) of untreated and trace metal ion treated C. variabilis
cells 12, 24, and 48 h after the treatments with cadmium and chromium of 50
mg L™ ion contents, compared to the untreated (control) cells. Scale bar in (A),
200 nm. (B): RD(TEM) values, means + SE, obtained from 20 measurements
on 10 different images. Different letters in panel (B) indicate statistically
significant differences (ANOVA with Bonferroni post-hoc test P<0.05).

agreement with this notion, the quantitative analysis of the
lamellar repeat distances [RD(TEM)] revealed a strong
shrinkage of thylakoid membranes in the presence of Cd; while
Cr had no effect (Figure 6B). It must be noted that such a strong
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shrinking of the membranes cannot occur in the presence of the
oxygen evolving complex, with its large volume in the lumenal
aqueous space, or without strong wrinkling of the membranes.
Normally, in the stacked region, RD is defined by the membrane
thickness (2x40 A), and the stroma- and lumen-side protruding
proteins, the stroma exposed regions of PSII and LHCII, about
2x~20 A), and the OEC and other smaller lumen-side LHCII and
PSII protein sections (~40-45 A) (Daum et al., 2010). Hence, the
lower limit of RD is about 160-165 A. Degradation of the PsbO
protein and the disassembly of the OEC may allow the strong
shrinkage, <150 A RD(TEM) values.

The periodic organization of the multilamellar membrane
system was also investigated by the non-invasive technique of
small-angle neutron scattering. SANS has been shown to deliver
statistically and spatially averaged information, for the entire
sample volume exposed to the neutron beam, on the periodic
organization of the thylakoid membranes in vivo, as
demonstrated for cyanobacteria, algal cells and intact leaves,
under physiologically relevant conditions, without fixation or
staining (Nagy et al., 2011; Nagy et al., 2012; Liberton et al., 2013;
Nagy et al,, 2013; Nagy et al,, 2014; Unnep et al., 2014).

As shown in Figure 7A, the 2D scattering images of the Cd-
and Cr-treated samples could unequivocally be distinguished
from each other. Whereas in the untreated cells and in the
presence of Cr, Bragg diffraction could be clearly identified, this
signature was missing in the 48 h Cd-treated sample. More
quantitative analyses of the data were performed on the 1D
scattering curves derived from the 2D profiles measured in low
and high Q regions (Figures 7B, C). In particular, we fitted the

scattering curves with the sum of 4 Gaussians (centered around
0.035, 0.05, 0.065, and 0.095 A~', respectively, for control
samples) and a power function (cf. Nagy et al., 2013). The
fitting results confirmed, that the chromium treatment has
essentially no influence on the position, width or intensity of
any of the Gaussians. In contrast, after 24 h cadmium treatment
the intensity of the 1** Gaussian—corresponding to the first order
Bragg peak of the periodic thylakoid membrane structure—is
reduced by c.a. 50%, and after 48 h Cd-treatment the bandwidth
(FWHM) of the peak almost doubled. At the same time there is a
well observable shift in the position of the 3™ Gaussian peak
from 0.067 + 0.001 A™" t0 0.073 + 0.001 A~". We propose that the
observed variations are a consequence of the removal of the OEC
from the PSII, resulting in the reduced asymmetry of the
individual thylakoid membranes (between the lumenal and
interthylakoidal side). Furthermore, the removal of the OEC
also may reduce the difference in size and protein composition
(hence average neutron scattering length density) of the lumenal
and interthylakoidal aqueous phases. All these changes result in
the appearance of an extra translational symmetry in the unit cell
of the thylakoid membrane from the neutron scattering point of
view, and in the disappearance of the first order Bragg peak. In
other terms the system of stacked flattened vesicles (half of the
interthylakoidal space, membrane, lumenal space, membrane,
half of the interthylakoidal space) is reduced from the scattering
point of view to stacks of individual membranes separated by
aqueous phases.

As discussed above the conclusions that can be deduced from
TEM and SANS data are in harmony with each other. Both
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FIGURE 7 | 2D scattering profiles of Chlorella variabilis cells of untreated (left) and 48 h cadmium- (middle) and chromium-treated (right) cells (A); and the 1D profiles
showing the effects of cadmium (B) and chromium (C) treatments after 24 and 48 h, compared to the untreated control. The 2D images cover a momentum transfer
range between 0.008 and 0.078 A", Curves in panels (B, C) are fitted to the data points using the sum of four Gaussians and a power function.
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techniques showed that whereas Cr exerted no effect on the
periodic organization of the thylakoid membranes, Cd induced a
dramatic change—a very strong shrinkage and faint appearance
of the membranes. It must, however, be noted that with regard to
the RD values the two techniques yields somewhat different
values, in the control and Cr-treated samples RD(TEM) values of
~200 A were obtained, whereas the RD values derived from the
position (Q*) of the first-order Bragg peak (RD=21/Q¥*) gives 175
(+ 1) A. The origin of this discrepancy is not known. The larger
RD(TEM) values might be accounted for by some inherent
irregularities in the membranes—undulations and wrinkles,
which might increase the apparent tallness of the stacked
region. Such irregularities may remain undetected by SANS.
The elucidation of this question is outside the scope of the
present study, and does not affect our main conclusions from
TEM and SANS, i.e. the well preserved membrane ultrastructure
in the presence of Cr, and its strong perturbation and loss of the
characteristic features of the thylakoid membrane system in the
presence of Cd, compared to the untreated cells.

Different De-Epoxidation States of the
Xanthophyll-Cycle Pigments With Cd

and Cr

As part of the multilevel regulatory mechanisms developed by green
algae and plants against photo-oxidative stress, the XC is of
potential interest (Eskling et al., 1997). It has been shown that the
toxic effects of Cr, in particular the photoinhibition of PSII in the
presence of Cr(VI), depends strongly on the activity of the XC in
wild type and mutant Chlamydomonas (Ait Ali et al., 2008). This
observation prompted us to investigate the variations in the
concentration of violaxanthin (Vx), antheraxanthin (Ax), and Zx,
and the de-epoxidation state [DEPS=(Ax+Zx)/(Vx+Ax+Zx)] of
these xanthophyll pigments in Cd- and Cr-treated C. variabilis cells.

During carotenogenesis XC pigments are derived from -
carotene. Zx is formed by the hydroxylation of B-carotene.
Further epoxidation of Zx by Zx epoxidase (ZEP) produces Vx
via the intermediate Ax. In the XC this reaction is reversed by Vx
deepoxidase (VDE). Zx is known to play a role in the thermal
dissipation of excess excitation energy (Demmig-Adams et al,
2014); in addition, it is capable of acting as antioxidant and to
protect the thylakoid membranes against oxidative stress
(Havaux et al., 2007). In general, the conversion of Vx to Ax
and Zx and back occur rapidly, allowing rapid adjustments of the
light harvesting and dissipative functions. It has, however, been
shown that under photoinhibitory conditions the activity of ZEP
can be dramatically down-regulated (Reinhold et al., 2008),
which has been shown to be caused by the degradation of ZEP,
parallel with that of D1 (Bethmann et al., 2019).

Our experiments revealed that while Cd treatment exerted no
significant effect on the level of XC pigments, Cr induced a marked
decrease in Vx with a concomitant increase of Ax and Zx (Figure
8), resulting in a high DEPS. The complementary change of
epoxidated and deepoxidated forms indicates that Zx and Ax
accumulated at the expense of Vx due to the activity of VDE.
Accumulation of Zx during the biosynthetic pathway is highly
unlikely since the trace metal treatment evidently blocked all
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FIGURE 8 | Effect of cadmium- and chromium-treatments on the
composition of the xanthophyll-cycle pigments violaxanthin (A),
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Mean values + SE from five independent experiments on different batches.
Different letters indicate statistically significant differences (ANOVA with
Bonferroni post-hoc test, P<0.05).
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pigment synthesis and rather caused some degradation, which, on
chlorophyll basis, could be seen only after 48 h of Cr treatment (cf.
data in Figure 8). Hence, the enhanced DEPS in Cr treated cells
should be attributed to the accumulation of Ax and Zx due to the
activity of the XC during the cultivation of cells, and the stress-
induced (partial or full) inhibition of ZEP activity. This apparently
does not require the degradation of the D1 protein, which even after
48 h appears to be only marginally affected by Cr (see Figure 3). It is
also interesting to note that in the case of Cd, the marked
degradation of PSII (see Figure 3) does not bring about the
accumulation of Zx. These data show that under stress conditions
inactivation of ZEP does not necessarily require the degradation of
D1 protein and degradation of this protein does not necessarily
inactivate the ZEP enzyme; a question which warrants further
investigations. Nevertheless, it seems very likely that the
accumulated Zx—by mitigating the excitation pressure on PSII
and alleviating the oxidative damage—aided the preservation PSII
protein subunits and the integrity of the thylakoid membranes.

SUMMARY AND CONCLUDING REMARKS

In this work we carried out a systematic comparison of the
adverse effects of cadmium and chromium on the photosynthetic
machinery of the unicellular freshwater green alga C. variabilis.
We applied high concentrations of CdCl, x 2.5 H,O and
K,Cr,0;, which halted the propagation of cells but led only
limited pigment bleaching, the rate of which was about the same
with Cd and Cr, and its magnitude in 48 h did not exceed 40%.
Although both Cd and Cr are known to exert their toxic effects
via ROS, the inhibitory and protective mechanisms appear to be
very different. The main differences were found (i) in the
inhibition of PSII, which in the case of Cd could be attributed
to the degradation of PsbA and PsbO proteins, whereas in the
case Cr inactivation of PSII could rather be explained by an
inhibition on the PSI side; (ii) with Cd, severe perturbations were
detected in the thylakoid membrane system and the macro-
organization of the protein complexes, which, respectively, were
absent and much smaller in the presence of Cr; (iii) treatment of
cells with Cr led to the accumulation of de-epoxidized
xanthophylls, which could protect the thylakoid membranes
against photooxidative damages; in contrast, in Cd-treated cells
de-epoxidized xanthophyll molecules were found only in traces.
Regarding the origin of these differences, we hypothesize, that (i)
by conversion of Cr(VI) to Cr(III) in the cells, the persistence of
toxic reactions is more limited than with Cd; and (ii) the sites of
action might be different, and thus (iii) on molecular level, the
induction of repair mechanisms and expression or silencing of
genes might differ in the two cases, i.e. with Cd and Cr.

REFERENCES

Ait Ali, N. A, Juneau, P., Didur, O., Perreault, F., and Popovic, R. (2008). Effect of
dichromate on photosystem II activity in xanthophyll-deficient mutants of
Chlamydomonas reinhardtii. Photosynth. Res. 95, 45-53. doi: 10.1007/s11120-
007-9227-4

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

ZH and OZ conceived the study. The cultures were grown and
treatments applied both at the BRC and the PSI by OZ, who also
carried out the CD spectroscopic and fast Chl-a fluorescence and
820 nm absorbance transient experiments. Pigment analyses and
Western blot experiments were conducted by LK and OZ. RP,
KS, and TP carried out the electron microscopy experiments,
with the data analyzed by RP, OZ, and GG. SANS measurements
were configured, performed and analyzed by GN and UG, with
the participation of GG. The paper was written by ZH, GG, OZ,
and LK, with all authors contributing to the writing.

FUNDING

This work was supported by grants of the National Research
Development and Innovation Office of Hungary (OTKA KH
124985 and K 128679), and of the Czech Science Foundation
(GACR 19-13637S) to GG. GN was, in part, supported by the
Janos Bolyai Research Scholarship of the Hungarian Academy of
Sciences and by the UNKP-19-4 New National Excellence
Program of the Ministry for Innovation and Technology. KS
acknowledges the support from the Bolyai Janos Research
Scholarship of the Hungarian Academy of Sciences.
Infrastructural background for the electron microscopic
evaluation was partially supported by the Ministry for National
Economy of Hungary through the GINOP-2.3.3-15-2016-00001
program (RP and TP).

ACKNOWLEDGMENTS

We thank Mrs. Erika Racz Banfi for her assistance in
ultramicrotomy, Dr. Szilvia Zita Toth for providing the algal
cells, and Dr. Valéria Nagy for her help in growing the cells. The
authors are grateful to Dr. Péter Kos for the kind gift of DI
antibody for the Western blot analysis. We would like to thank
the Paul Scherrer Institute (PSI), Villigen, Switzerland, for
providing us beam time for the SANS experiments on the
SANS-II beam-line at the Swiss Spallation Neutron Source SINQ.

Alidoust, L., Zahiri, H. S., Maleki, H., Soltani, N., Vali, H., and Noghabi, K. A.
(2019). Nostoc entohytum cell response to cadmium exposure: A possible role
of chaperon proteins GroEl and HtpG in cadmium-induced stress. Ecotoxicol.
Environ. Saf. 169, 40-49. doi: 10.1016/j.ecoenv.2018.10.104

Andosch, A, Affenzeller, M. J,, Liitz, C., and Liitz-Meindl, U. (2012). A freshwater green
alga under cadmium stress: ameliorating calcium effects on ultrastructure and

Frontiers in Plant Science | www.frontiersin.org

July 2020 | Volume 11 | Article 1006


https://doi.org/10.1007/s11120-007-9227-4
https://doi.org/10.1007/s11120-007-9227-4
https://doi.org/10.1016/j.ecoenv.2018.10.104
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zsiros et al.

Chromium and Cadmium Effect

photosynthesis in the unicellular model Micrasterias. J. Plant Physiol. 169 (15),
1489-1500. doi: 10.1016/j.jplph.2012.06.002

Baby, J., Raj, J. S., Biby, E. T., Sankarganesh, P., Jeevitha, M. V., Ajisha, S. U,, et al.
(2010). Toxic effect of heavy metals on aquatic environment. Int. J. Biol. Chem.
Sci. 4, 939-952. doi: 10.4314/ijbcs.v4i4.62976

Bethmann, S., Melzer, M., Schwarz, N., and Jahns, P. (2019). The zeaxanthin
epoxidase is degraded along with the D1 protein during photoinhibition of
photosystem. Plant Direct 3, 1-13. doi: 10.1002/pld3.185

Chen, Z., Song, S., and Wen, Y. (2016). Reduction of Cr (VI) into Cr (III) by
organelles of Chlorella vulgaris in aqueous solution: an organelle-level attempt.
Sci. Total Environ. 572, 361-368. doi: 10.1016/j.scitotenv.2016.07.217

Cheng, J., Qiu, H., Chang, Z., Jiang, Z., and Yin, W. (2016). The effect of cadmium
on the growth and antioxidant response for freshwater algae Chlorella vulgaris.
SpringerPlus 5, 1290. doi: 10.1186/s40064-016-2963-1

Conway, H. L. (1978). Sorption of arsenic and cadmium and their effects on
growth, micronutrient utilization and photosynthetic pigment composition of
Asterionella formosa. J. Fish. Res. Bd. Can. 35, 286-294. doi: 10.1139/f78-052

Daum, B., Nicastro, D., Austin, L. L. ]., McIntosh, J. R., and Kiihlbrandt, W. (2010).
Arrangement of Photosystem II and ATP Synthase in Chloroplast Membranes
of Spinach and Pea. Plant Cell 22, 1299-1312. doi: 10.1105/tpc.109.071431

Demmig-Adams, B., Garab, G., Adams, W., and Govindjee, (2014). “Non-
Photochemical quenching and Ebergy Dissipation in plants, algae and
cyanobacteria. Advances in photosynthesis and respiration 40,” in Including
bioonergy and related processes (Dordrecht: Springer).

Du, J., Qiu, B,, Gomes, M. P., Juneau, P., and Dai, G. (2019). Influence of light
intensity on cadmium uptake and toxicity in the cyanobacteria Synechocystis
sp. PCC6803. Aquat. Toxicol. 211, 163-172. doi: 10.1016/j.aquatox.2019.03.016

Eskling, M., Arvidsson, P. O., and Akerlund, H. E. (1997). The xanthophyll cycle,
its regulation and components. Physiol. Plantarum 100, 806-816. doi: 10.1111/
j.1399-3054.1997.tb00007.x

Faller, P., Kienzler, K., and Krieger-Liszkay, A. (2005). Mechanism of Ccd**
toxicity: Cd** inhibits photoactivation of Photosystem II by competitive
binding to the essential Ca®* site. Biochim. Biophys. Acta (BBA) - Bioenerg.
1706 (1-2), 158-164. doi: 10.1016/j.bbabio.2004.10.005

Frey, M., Seidel, C., Edwards, M., Parks, J., and McNeell, L. (2004). Occurrence
survey of boron and hexavalent chromium. American Water Works
Association Research Foundation, Denver, CO (Report No. 91044F).

Garab, G., and van Amerongen, H. (2009). Linear dichroism and circular
dichroism in photosynthesis research. Photosynth. Res. 101, 135-146.
doi: 10.1007/s11120-009-9424-4

Garab, G., Kieleczawa, J., Sutherland, J. C., Bustamante, C., and Hind, G. (1991).
Organization of pigment-protein complexes into macrodomains in the
thylakoid membranes of wild-type and chlorophyll fo-less mutant of barley
as revealed by circular dichroism. Photochem. Photobiol. 54, 273-281.
doi: 10.1111/§.1751-1097.1991.tb02016.x

Goss, R, and Garab, G. (2001). Non-photochemical chlorophyll fluorescence
quenching and structural rearrangements induced by low pH in intact cells of
Chlorella fusca (Chlorophyceae) and Mantoniella squamata (Prasinophyceae).
Photosynth. Res. 67, 185-197. doi: 10.1023/A:1010681511105

Govindjee, (2004). “Chlorophyll a fluorescence: a bit of basics and history,” in G.C.
Papageorgiou, Govindjee, eds, Chlorophyll a Fluorescence: A Signature of
Photosynthesis, Advances in Photosynthesis and Respiration, vol. 19.
(Dordrecht: Springer), 1-42.

Grzyb, J., Waloszek, A., Latowski, D., and Wieckowski, S. (2004). Effect of
cadmium on ferredoxin:NADP" oxidoreductase activity. J. Inorg. Biochem.
98 (8), 1338-1346. doi: 10.1016/j.jinorgbio.2004.04.004

Havaux, M., Dall’osto, L., and Bassi, R. (2007). Zeaxanthin has enhanced
antioxidant capacity with respect to all other xanthophylls in Arabidopsis
leaves and functions independent of binding to PSII antennae. Plant Physiol.
145 (4), 1506-1520. doi: 10.1104/pp.107.108480

Hayat, M. A. (1970). “Principles and Techniques of Electron Microscopy,” in
Biological Applications, vol. 1. (New York, NY: Van Nostrand Reinhold), 264-274.

Idrees, N., Tabassum, B., Abd Allah, E. F., Hashem, A., Sarah, R., and Hashim, M.
(2018). Groundwater contamination with cadmium concentrations in some
West U.P. Regions India Saudi ]. Biol. Sci. 25, 1365-1368. doi: 10.1016/
j.5jbs.2018.07.005

Jeffrey, S. W., Mantoura, R. F. T., and Bjernland, T. (2005). “Phytoplankton
pigments in oceanography,” in Guidelines to modern methods. Eds. S. W.

Jeffrey, R. F. C. Mantoura and S. W. Wright (France: UNESCO Publishing,
Paris), 447.

Kabata-Pendias, A., and Pendias, H. (2001). Trace Elements in Soils and Plants. 3rd
Ed (Boca Raton - London - New York — Washington: CRC Press).

Karnovsky, M. J. (1965). A formaldehyde-glutaraldehyde fixative of high
osmolality or use in electron microscopy. J. Cell. Biol. 27, 137-138.

Kovacs, L., Damkjeer, J., Kereiche, S., Cristian Ilioaia, C., Ruban, A. V., Boekema,
E. J., et al. (2006). Lack of the light-harvesting complex CP24 affects the
structure and function of the grana membranes of higher plant chloroplasts.
Plant Cell 18, 3106-3120. doi: 10.1105/tpc.106.045641

Kumar, K. S., Dahms, H. U, Lee, J. S., Kim, H. C., Lee, W. C,, and Shin, K. H.
(2014). Algal photosynthetic responses to toxic metals and herbicides assessed
by chlorophyll a fluorescence. Ecotoxicol. Environ. Saf. 104, 51-71. doi:
10.1016/j.ecoenv.2014.01.042

Lambrev, P. H., and Akhtar, P. (2019). Macroorganisation and flexibility of
thylakoid membranes. Biochem. J. 476, 2981-3018. doi: 10.1042/BCJ20190080

Lazar, D. (2006). The polyphasic chlorophyll a fluorescence rise measured under
high intensity of exciting light. Funct. Plant Biol. 33, 9-30. doi: 10.1071/
FP05095

Liberton, M., Page, L. E., O'Dell, W. B., O'Neill, H., Mamontov, E., Urban, V. S,,
et al. (2013). Organization and Flexibility of Cyanobacterial Thylakoid
Membranes Examined by Neutron Scattering. J. Biol. Chem. 288, 3632-3640.
doi: 10.1074/jbc.M112.416933

Lysenko, E. A., Klaus, A. A., Kartashov, A. V., and Kusnetsov, V. V. (2019).
Distribution of Cd and other cations between the stroma and thylakoids: a
quantitative approach to the search for Cd targets in chloroplasts. Photosynth.
Res. 139, 337-358. doi: 10.1007/s11120-018-0528-6

Machado, M. D., and Soares, E. V. (2015). Use of a fluorescence-based approach to
assess short-term responses of the alga Pseudokirchneriella to metal stress. J. Appl.
Phycol. 27, 805-813. doi: 10.1007/s10811-014-0351-1

Maret, W., and Moulis, J. M. (2013). The Bioinorganic Chemistry of Cadmium in
the Context of Its Toxicity. Met Ions Life Sci. 11, 1-29. doi: 10.1007/978-94-
007-5179-8_1

Millonig, G. (1961). Advantage of phosphate buffer for OsO, solutions for fixation.
J. Appl. Phys. 32, 1637.

Mota, R., Pereira, S. B., Meazzini, M., Fernandes, R., Santos, A., Evans, C. A.,
etal. (2015). Effects of heavy metals on Cyanothece sp. CCY 0110 growth,
extracellular polymeric substances (EPS) production, ultrastructure and
protein profiles. J. Proteomics 120, 75-94. doi: 10.1016/j.jprot.2015.
03.004

Nagy, G., Pieper, J., Krumova, S. B., Kovacs, L., Trapp, M., Garab, G., et al. (2012).
Dynamic properties of photosystem II membranes at physiological
temperatures characterized by elastic incoherent neutron scattering.
Increased flexibility associated with the inactivation of the oxygen evolving
complex. Photosynth. Res. 111, 113-124. doi: 10.1007/s11120-011-9701-x

Nagy, G., Kovacs, L., Unnep, R., Zsiros, O., Almasy, L., Rosta, L., et al. (2013).
Kinetics of structural reorganizations in multilamellar photosynthetic
membranes monitored by small-angle neutron scattering. Eur. Phys. J. E 36,
69. doi: 10.1140/epje/i2013-13069-0

Nagy, G., Posselt, D., Kovacs, L., Holm, J. K., Szabo, M., Ughy, B., et al. (2011).
Reversible membrane reorganizations during photosynthesis in vivo: revealed
by small-angle neutron scattering. Biochem. J. 436, 225-230. doi: 10.1042/
BJ20110180

Nagy, G., Unnep, R, Zsiros, O., Tokutsue, R., Takizawae, K., Porcarc, L., et al.
(2014). Chloroplast remodeling during state transitions in Chlamydomonas
reinhardtii as revealed by noninvasive techniques in vivo. Proc. Nat. Am. Soc
111, 5042-5047. doi: 10.1073/pnas.1322494111

Oliveira, H. (2012). Chromium as an Environmental Pollutant: Insights on
Induced Plant Toxicity. J. Bot. 2012, 1-8. doi: 10.1155/2012/375843

Panda, S. K., and Choudhury, S. (2005). Chromium stress in plants. Braz. J. Plant
Physiol. 17, 95-102. doi: 10.1590/S1677-04202005000100008

Pinto, E., Sigaud-Kutner, T. C. S., Leitao, M. A. S., Okamoto, O. K., Morse, D., and
Colepicolo, P. (2003). Heavy metal-induced oxidative stress in algae. J. Phycol.
39, 1008-1018. doi: 10.1111/j.0022-3646.2003.02-193.x

Qian, H., Sun, Z,, Sun, L, Jiang, Y., Wei, Y., Xie, J., et al. (2013). Phosphorus
availability changes chromium toxicity in the freshwater alga Chlorella
vulgaris. Chemosphere 93 (6), 885-891. doi: 10.1016/j.chemosphere.
2013.05.035

Frontiers in Plant Science | www.frontiersin.org

July 2020 | Volume 11 | Article 1006


https://doi.org/10.1016/j.jplph.2012.06.002
https://doi.org/10.4314/ijbcs.v4i4.62976
https://doi.org/10.1002/pld3.185
https://doi.org/10.1016/j.scitotenv.2016.07.217
https://doi.org/10.1186/s40064-016-2963-1
https://doi.org/10.1139/f78-052
https://doi.org/10.1105/tpc.109.071431
https://doi.org/10.1016/j.aquatox.2019.03.016
https://doi.org/10.1111/j.1399-3054.1997.tb00007.x
https://doi.org/10.1111/j.1399-3054.1997.tb00007.x
https://doi.org/10.1016/j.bbabio.2004.10.005
https://doi.org/10.1007/s11120-009-9424-4
https://doi.org/10.1111/j.1751-1097.1991.tb02016.x
https://doi.org/10.1023/A:1010681511105
https://doi.org/10.1016/j.jinorgbio.2004.04.004
https://doi.org/10.1104/pp.107.108480
https://doi.org/10.1016/j.sjbs.2018.07.005
https://doi.org/10.1016/j.sjbs.2018.07.005
https://doi.org/10.1105/tpc.106.045641
https://doi.org/10.1016/j.ecoenv.2014.01.042
https://doi.org/10.1042/BCJ20190080
https://doi.org/10.1071/FP05095
https://doi.org/10.1071/FP05095
https://doi.org/10.1074/jbc.M112.416933
https://doi.org/10.1007/s11120-018-0528-6
https://doi.org/10.1007/s10811-014-0351-1
https://doi.org/10.1007/978-94-007-5179-8_1
https://doi.org/10.1007/978-94-007-5179-8_1
https://doi.org/10.1016/j.jprot.2015.03.004
https://doi.org/10.1016/j.jprot.2015.03.004
https://doi.org/10.1007/s11120-011-9701-x
https://doi.org/10.1140/epje/i2013-13069-0
https://doi.org/10.1042/BJ20110180
https://doi.org/10.1042/BJ20110180
https://doi.org/10.1073/pnas.1322494111
https://doi.org/10.1155/2012/375843
https://doi.org/10.1590/S1677-04202005000100008
https://doi.org/10.1111/j.0022-3646.2003.02-193.x
https://doi.org/10.1016/j.chemosphere.2013.05.035
https://doi.org/10.1016/j.chemosphere.2013.05.035
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zsiros et al.

Chromium and Cadmium Effect

Reinhold, C., Niczyporuk, S., Beran, K. C,, and Jahns, P. (2008). Short-term down-
regulation of zeaxanthin epoxidation inArabidopsis thalianain response to
photo-oxidative stress conditions. Biochim. Biophys. Acta 1777, 462-469.
doi: 10.1016/j.bbabio.2008.03.002

Reynolds, E. S. (1963). The use of lead citrate at high pH as an electron-opaque
stain in electron microscopy. J. Cell. Biol. 17, 208-212. doi: 10.1083/
jcb.17.1.208

Samadani, M., Francois Perreault, F., Oukarroum, A., and Dewez, D. (2018). Effect
of cadmium accumulation on green algae Chlamydomonas reinhardtii and
acid-tolerant Chlamydomonas CPCC 121. Chemosphere 191, 174-182. doi:
10.1016/j.chemosphere.2017.10.017

Shah, K., Kumar, R. G., Verma, S., and Dubey, R. S. (2001). Effect of cadmium on
lipid peroxidation, superoxide anion generation and activities of antioxidant
enzymes in growing rice seedlings. Plant Sci. 161, 1135-1144. doi: 10.1016/
S0168-9452(01)00517-9

Strasser, R. J., Tsimilli-Michael, M., and Srivastava, A. (2004). “Analysis of the
Chlorophyll a Fluorescence TransientChlorophyll a Fluorescence,” in Advances
in Photosynthesis and Respiration, vol. 19. Eds. G. C. Papageorgiou and
Govindjee, (Dordrecht: Springer), 321-362.

Toth, S. Z., Schansker, G., and Strasser, R. J. (2007). A non-invasive assay of the
plastoquinone pool redox state based on the OJIP-transient. Photosynth. Res.
93, 193-203. doi: 10.1007/s11120-007-9179-8

Toth, T., Zsiros, O., Kis, M., Garab, G., and Kovacs, L. (2012). Cadmium exerts its
toxic effects on photosynthesis via acascade mechanism in the cyanobacterium,
SynechocystisPCC 6803. Plant Cell Environ. 35, 2075-2086. doi: 10.1111/
j-1365-3040.2012.02537.x

Toth, T. N, Rai, N, Solymosi, K., Zsiros, O., Schréder, W. P., Garab, G., et al.
(2016). Fingerprinting the macro-organisation of pigment-protein complexes
in plant thylakoid membranes in vivo by circular-dichroism spectroscopy.
Biochim. Biophys. Acta 1857, 1479-1489. doi: 10.1016/j.bbabio.2016.04.287

Todorenko, D., Timofeev, N., Kovalenko, I., Kukarskikh, G., Matorin, D., and
Antal, T. (2020). Chromium effects on photosynthetic electron transport in pea
(Pisum sativum L.). Planta 251, 11. doi: 10.1007/s00425-019-03304-1

Unnep, R., Nagy, G., Markd, M., and Garab, G. (2014). Monitoring thylakoid
ultrastructural changes in vivo using small-angle neutron scattering. Plant
Physiol. Biochem. 81, 197-207. doi: 10.1016/j.plaphy.2014.02.005

Van Assche, F., and Clijsters, H. (1990). Effects of Metals on Enzyme Activity in
Plants. Plant Cell Environ. 13, 195-206. doi: 10.1111/j.1365-3040.1990.
tb01304.x

Vass, . (2012). Molecular mechanisms of photodamage in the Photosystem II
complex. Biochim. Biophys. Acta -Bioenerg. 1817, 209-217. doi: 10.1016/
j.bbabio.2011.04.014

Volland, S., Liitz, C., Michalkec, B., and Liitz-Meindla, U. (2012). Intracellular
chromium localization and cell physiological response in the unicellular alga
Micrasterias. Aquat. Toxicol. 109, 59- 69. doi: 10.1016/j.aquatox.2011.11.013

Volland, S., Bayer, E., Baumgartner, V., Andosch, A., Liitz, C., Sima, E., et al.
(2014). Rescue of heavy metal effects on cell physiology of the algal model
system Micrasterias by divalent ions. J. Plant Physiol. 171 (2), 154-163. doi:
10.1016/j.jplph.2013.10.002

Wagner, G. J. (1993). Accumulation of cadmium in crop plants and its
consequences to human health. Adv. Agron. 51, 173-212. doi: 10.1016/
S0065-2113(08)60593-3

Wang, S., Zhang, D., and Pan, X. (2013). Effects of cadmium on the activities of
photosystems of Chlorella pyrenoidosa and the protective role of cyclic electron
flow. Chemosphere 93, 230-237. doi: 10.1016/j.chemosphere.2013.04.070

Yilmaz, A. B., Yanar, A, and Alkan, E. N. (2017). Review of heavy metal
accumulation on aquatic environment in Northern East Mediterrenean Sea
part I: some essential metals. Rev. Environ. Health 32 (1-2), 119-163. doi:
10.1515/reveh-2016-0065

Yu, D., CDC/ATSDR Planners, Coles, C., Doyle, J., Fowler, B., Gehle, K., et al.
(2011). Chromium Toxicity (Atlanta, USA: Agency for Toxic Substances and
Disease Registry Case Studies in Environmental Medicine (CSEM)).

Yu, Z,, Hao, R, Zhang, L., and Zhu, Y. (2018). Effects of TiO2, SiO2, Ag and CdTe/
CdS quantum dots nanoparticles on toxicity of cadmium towards
Chlamydomonas reinhardtii. Ecotoxicol Environ. Saf. 156, 75-86. doi: 10.1016/
j.ecoenv.2018.03.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zsiros, Nagy, Patai, Solymosi, Gasser, Polgar, Garab, Kovacs and
Horcsik. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

July 2020 | Volume 11 | Article 1006


https://doi.org/10.1016/j.bbabio.2008.03.002
https://doi.org/10.1083/jcb.17.1.208
https://doi.org/10.1083/jcb.17.1.208
https://doi.org/10.1016/j.chemosphere.2017.10.017
https://doi.org/10.1016/S0168-9452(01)00517-9
https://doi.org/10.1016/S0168-9452(01)00517-9
https://doi.org/10.1007/s11120-007-9179-8
https://doi.org/10.1111/j.1365-3040.2012.02537.x
https://doi.org/10.1111/j.1365-3040.2012.02537.x
https://doi.org/10.1016/j.bbabio.2016.04.287
https://doi.org/10.1007/s00425-019-03304-1
https://doi.org/10.1016/j.plaphy.2014.02.005
https://doi.org/10.1111/j.1365-3040.1990.tb01304.x
https://doi.org/10.1111/j.1365-3040.1990.tb01304.x
https://doi.org/10.1016/j.bbabio.2011.04.014
https://doi.org/10.1016/j.bbabio.2011.04.014
https://doi.org/10.1016/j.aquatox.2011.11.013
https://doi.org/10.1016/j.jplph.2013.10.002
https://doi.org/10.1016/S0065-2113(08)60593-3
https://doi.org/10.1016/S0065-2113(08)60593-3
https://doi.org/10.1016/j.chemosphere.2013.04.070
https://doi.org/10.1515/reveh-2016-0065
https://doi.org/10.1016/j.ecoenv.2018.03.007
https://doi.org/10.1016/j.ecoenv.2018.03.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Similarities and Differences in the Effects of Toxic Concentrations of Cadmium and Chromium on the Structure and Functions of Thylakoid Membranes in Chlorella variabilis
	Introduction
	Materials and Methods
	Alga Cultures and Conditions; Determination of Cell Numbers
	Cadmium and Chromium Treatments
	Pigment Determination
	Fast Chlorophyll-A Fluorescence (OJIP)
	Oxidation–Reduction Kinetics of P700
	Western Blot Analysis
	Circular Dichroism Spectroscopy
	Specimen Preparation for Electron Microscopy
	Electron Microscopic Morphometry of Thylakoid Membranes
	Small-Angle Neutron Scattering
	Statistics

	Results and Discussion
	Effects of Cd and Cr on Growth and Pigment Contents
	Distinct Inhibitory Effects of Cd and Cr on the Photochemical Apparatus
	Perturbation of the Macro-Organization of the Protein Complexes by Cd and Cr
	Distinct Effects of Cd and Cr on the Ultrastructure of Thylakoid Membranes
	Different De-Epoxidation States of the Xanthophyll-Cycle Pigments With Cd and Cr

	Summary and Concluding Remarks
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


