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In order to analyze the effect of cadmium in Ulva compressa (Chlorophyta), the
alga was cultivated with 10, 25, and 50 uM of cadmium for 7 days, and the level
of intracellular cadmium was determined. Intracellular cadmium showed an increase
on day 1, no change until day 5, and an increase on day 7. Then, the alga was
cultivated with 10 wM for 7 days, and the level of hydrogen peroxide, superoxide
anions, and lipoperoxides; activities of antioxidant enzymes ascorbate peroxidase
(AP), dehydroascorbate reductase (DHAR), and glutathione reductase (GR); the level
of glutathione (GSH) and ascorbate (ASC); and the level of phytochelatins (PCs)
and transcripts encoding metallothioneins (UcMTs) levels were determined. The level
of hydrogen peroxide increased at 2 and 12 h, superoxide anions on day 1, and
lipoperoxides on days 3 to 5. The activities of AP and GR were increased, but not the
DHAR activity. The level of GSH increased on day 1, decreased on day 3, and increased
again on day 5, whereas ASC slightly increased on days 3 and 7, and activities of
enzymes involved in GSH and ASC synthesis were increased on days 3 to 7. The level of
PC2 and PC4 decreased on day 3 but increased again on day 5. The level of transcripts
encoding UcMT1 and UcMT2 increased on days 3 to 5, mainly that of UcMT2. Thus,
cadmium accumulation induced an oxidative stress condition that was mitigated by
the activation of antioxidant enzymes and synthesis of GSH and ASC. Then, the alga
cultivated with inhibitors of calcium-dependent protein kinases (CDPKs), calmodulin-
dependent protein kinases (CaMKs), calcineurin B-like protein kinases (CBLPKs), and
MAPKs and 10 uM of cadmium for 5 days showed a decrease in intracellular cadmium
and in the level of GSH and PCs, with the four inhibitors, and in the level of transcripts
encoding UcMTs, with two inhibitors. Thus, CDPKs, CaMK, CBLPKS, and MAPKs are
involved in cadmium accumulation and GSH and PC synthesis, and GSH and PCs
and/or UcMTs may participate in cadmium accumulation.
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INTRODUCTION

Cadmium is a nonessential heavy metal that it is not required
for the function of any protein or enzyme in plants and
animals, with the exception of carbonic anhydrase of marine
microalgae that uses cadmium as a cofactor (Xu et al., 2008;
Gallego et al., 2012). Cadmium ions accumulate in the soil and
water and are produced by metallurgic industries, urban traffic,
cement industries, and waste incinerators (Gallego et al., 2012).
Cadmium is magnified in the food chain and is highly toxic for
humans causing kidney and liver diseases, and gastrointestinal
and lung cancer (Gallego et al., 2012). Cadmium has hydrated
ionic radium of 0.97 A that is similar to hydrated calcium radium
of 0.99 A (Nithingale, 1959). Thus, cadmium is transported
through calcium channels and its uptake into cells uses iron,
copper, zinc, and magnesium transporters in animals and plants
(Gallego et al., 2012).

In plants, cadmium is absorbed by roots through the iron
transporters IRT1 and IRT2, and the zinc/iron transporters
ZIP2 and NRAMP1 (Vert et al, 2001, 2002, 2009; He
et al., 2017). Cadmium is then loaded to the xylem and
transported to the leaves by activation of ATP-dependent
transporters HMA2 and HMA4 (Verret et al., 2004; Wong and
Cobbett, 2009; Sato-Nagasawa et al., 2012; Takahashi et al,
2012). In this sense, it was recently shown that cadmium
increased the expression of IRT1, IRT2, HMA2, and HMA4
in Brassica chinensis inducing cadmium accumulation in roots
(Huang et al., 2021). Cadmium accumulation in plants involve
the transporters HMAI, that transport cadmium with GSH
to the vacuole (Mendoza-Cézatl et al, 2011), HMA3 that
transport free cadmium ions to the vacuole (Sasaki et al,
2014), and ABCC1 and ABCC2 that transport cadmium with
phytochelatins (PCs) to the vacuole (Mendoza-Cozatl et al., 2011;
Park et al., 2012).

In plants, cadmium induces oxidative stress-activating
antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (AP), and glutathione
reductase (GR), and the synthesis of the antioxidant compound
GSH (Cuypers et al., 2011, 2016; Romero-Puertas et al., 2019).
Cadmium accumulation involved the synthesis of GSH and
PCs that are formed by condensed units of GSH, and they are
synthesized by the enzyme phytochelatin synthase (PCS) (Yadav,
2010; Brunetti et al., 2011; Yamazaki et al., 2018). Cadmium
ions are coordinated by sulthydryl groups of GSH and PCs (Zhu
et al., 1999; Shukla et al., 2012, 2013). In addition, cadmium
can be sequestered by small (around 10 kDa) cysteine-rich
proteins named metallothioneins (MTs) that coordinate divalent
metal ions via sulfhydryl groups of cysteines (Cobbett and
Goldsbrough, 2002). It has been shown that plant MTs are
involved in the tolerance and accumulation of cadmium and
other heavy metals in plants (Zimeri et al., 2005; Pagani et al.,
2012; Rono et al., 2021). In addition, oxidative stress induced
by cadmium activates MAPK signal transduction pathway
that involves MAPKKK that phosphorylates MAPKK that,
in turn, phosphorylates MAPK that activate transcription
factors and gene expression (Gallego et al., 2012). In maize,
cadmium activates ZmMPK3 and ZmMPK6-1; in rice, it

activates OsMPK3 and OsMPK®6, and several distinct MAPKs
in alfalfa (Jonak et al., 2004; Yeh et al., 2007; Liu et al., 2010;
Zhao et al., 2013).

In microalgae, four IRT (ZIP) transporters are encoded in
the genome of the green microalga Chlamydomonas reinhardtii
and four in the genome of the red microalga Cyanidoschizon
merolae, whereas 12 are encoded in Arabidopsis thaliana genome
(Hainikenne et al., 2005). In addition, HMA1, HMA2, and
HMAS3 transporters are encoded in C. reinhardtii genome,
and only HMAI and HMA2 are encoded in C. merolae
genome, whereas eight are encoded in A. thaliana (Hainikenne
et al, 2005). Thus, similar transporters of iron, zinc, and
cadmium exist in plants, microalgae, and euglenoids, and may
have similar functions. In fact, Euglena gracilis cultivated with
cadmium, mercury, and lead accumulated these metals, mainly
cadmium, and overexpressed transporters such as HMT?2 that
extrudes metals from the cells and HMT3 involved in the
accumulation of these metals in the chloroplasts (Kathiwada
et al., 2020). In addition, cadmium induced oxidative stress
leading to the increased expression and enhanced activities
of antioxidant enzymes such as SOD, CAT, AP, GR, and
glutathione peroxidase (GP) in the microalgae Nannochloropsis
oculata, Nitzschia palea, and Scenedesmus quadricauda (Lee
and Shin, 2003; Figueira et al, 2014; Kovacik and Dresler,
2018). Cadmium accumulation involved the synthesis of GSH
and PCs in the diatom Thalassiosira weissflogii during the
first 6 h of culture indicating that these compounds are the
first line of defense against cadmium (Wu et al., 2016). On
the other hand, microalgal genomes contain one to several
copies of potential MTs gene, but the increase in expression
of these proteins in response to heavy metals has been poorly
studied (Balzano et al., 2020). Cadmium accumulates in the
chloroplasts of E. gracilis and involved the uptake of free
cadmium, and cadmium/PC complexes to the chloroplasts
(Mendoza-Cozatl et al.,, 2002; Mendoza-Cézatl and Moreno-
Sénchez, 2005). Interestingly, E. gracilis cells exposed to cadmium
overexpressed an MAPKKK, several chaperones, and enzymes
that synthesize GSH and PCs, but not expression of an MT
(Kathiwada et al., 2020).

In marine macroalgae, it has been shown that the green
macroalga Ulva lactuca cultivated with increasing concentrations
of cadmium ranging from 100 to 700 uM for 4 days showed an
inhibition of growth rate, mainly at concentrations higher than
400 wM, and the amount of intracellular cadmium increased
linearly with increasing concentrations of cadmium (Kumar
et al, 2010). In addition, the level of hydrogen peroxide
and lipoperoxides was enhanced with increasing concentrations
of cadmium, and the content of chlorophylls was decreased
(Kumar et al,, 2010). The activities of antioxidant enzymes
SOD, AP, GR, and GP were enhanced as the antioxidant
molecules GSH and ASC (Kumar et al., 2010). In addition,
cadmium also increased the activity of lipoxygenase, the level of
polyunsaturated fatty acids C18:3 and C18:2, and the level of the
membrane protective polyamine putrescine (Kumar et al., 2010).
The green macroalgae Ulva prolifera and Ulva linza exposed to
increasing concentrations of cadmium ranging from 5 to 120 uM
showed a decrease in growth rate and in photosynthetic efficiency
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and an increase in cadmium accumulation (Jiang et al., 2013).
U. prolifera accumulated more cadmium than U. linza, but the
latter better tolerates cadmium toxicity (Jiang et al., 2013). The
green macroalga Cladophora glomerata exposed to increasing
concentrations of cadmium for 7 days showed a decrease in
growth rate, in chlorophyll content, and in total proteins (Celekli
and Bulut, 2020). Moreover, C. glomerata showed an increase in
lipoperoxides and in the level of the osmoprotectant amino acid,
proline (Celekli and Bulut, 2020).

The green macroalga Ulva compressa, cultivated with 10 uM
of copper, showed an increase in hydrogen peroxide, superoxide
anions, and lipoperoxides (Gonzalez et al.,, 2010), an increase
in GSH level, but a decrease in ASC content (Mellado et al.,
2012) and an increase in activities of antioxidant enzymes SOD,
AP, and GR (Gonzilez et al., 2010, 2012). The alga exposed to
increasing concentration of copper ranging from 2.5 to 10 uM
for 12 days showed a linear increase in intracellular copper and
an increase in the level of PCs (Navarrete et al., 2019). In addition,
the expression of UcMT1, UcMT2, and UcMT3 also increased in
response to copper stress (Navarrete et al., 2019; Moenne et al.,
2020; Ztiiga et al., 2020).

In this work, we analyze the effects of increasing
concentrations of cadmium in the marine alga U. compressa and
compare these effects with those induced by copper excess. To
this end, the alga was cultivated with 10-50 pM of cadmium for
7 days, and the level of intracellular cadmium was determined. In
addition, the level of hydrogen peroxide, superoxide anions, and
lipoperoxides, the activities of antioxidant enzymes AP, DHAR,
and GR, and the level of PCs and transcripts encoding UcMT1,
UcMT?2, and UcMT3 were determined in the alga cultivated with
10 M of cadmium for 0-7 days. Furthermore, the involvement
of calcium-dependent protein kinases (CDPKs), calmodulin-
dependent protein kinases (CaMKs), calcineurin B-like protein
kinases (CBLPKs), and MAPKs in the accumulation of
intracellular cadmium, synthesis of GSH and PCs, and in the
level of UcMT transcripts were analyzed in the alga cultivated
with 10 uM of cadmium for 5 days.

MATERIALS AND METHODS

Algal and Seawater Sampling

The alga U. compressa was collected during spring 2020 in
Cachagua, a nonpolluted site of central Chile, and transported
to the laboratory in a cooler with ice. The alga was washed
with seawater, cleaned manually, and sonicated twice for 2 min
using an ultrasound bath (Hilab Innovation Systems). Seawater
was obtained from Quintay, a nonpolluted site of Central Chile,
filtered, and kept at 4°C, in darkness.

In vitro Cultures and Treatments With

Cadmium and Inhibitors

For the detection of intracellular cadmium, the alga (5 g) was
cultivated in 30 ml of seawater containing 10, 25, or 50 uM
of cadmium for 0, 1, 3, 5, and 7 days, in triplicates. Cultures
were performed under irradiance of 50 wmol m~2 s~! and
using a photoperiod of 14-h light:10-h dark, at 14°C. The culture

medium was changed every 48 h. Samples (5 g in triplicate) were
harvested on days 0, 1, 3, 5, and 7, and sampling occurred 11 h
after the start of the day. Samples were washed twice with 50 mM
Tris-HCI (pH 7)-10 mM EDTA for 20 min in order to remove
copper ions from algal cell walls (Hassler et al., 2004). Samples
were dried in an oven at 60°C for 4 days until reaching a constant
dry weight (around 2.5 g) and kept at room temperature.

For the detection of GSH, ASC, and lipoperoxides, the alga
(5 g) was cultivated in 30 ml of seawater containing 10 uM of
cadmium for 0, 1, 3, 5, and 7 days, in triplicate, and the culture
medium was changed every 48 h. Samples (10 g in triplicate) were
harvested on days 0, 1, 3, 5, and 7 and washed twice with 50 mM
Tris-HCI (pH = 7)-10 mM EDTA for 20 min. Samples were dried
in an oven at 60°C for 4 days until reaching a constant dry weight
(around 2.5 g) and kept at room temperature.

For detection of antioxidant enzyme activities and transcripts
encoding UcMTs, the alga (10 g) was cultivated in 60 ml of
seawater containing 10 wM of cadmium for 0, 1, 3, 5, and 7 days,
in triplicates, and the culture medium was changed every 48 h.
Samples (10 g in triplicate) were harvest on days 0, 1, 3, 5, and 7,
washed twice with 50 mM Tris-HCI (pH = 7)-10 mM EDTA for
20 min and kept at —80°C.

For detection of intracellular cadmium in samples cultivated
with inhibitors and cadmium, the alga (5 g) was cultivated in
30 ml of seawater, 5 WM staurosporine (ST), an inhibitor of
CDPKs; KN62 (KN), an inhibitor of CaMKs; FK506 (FK), an
inhibitor of CBLPKSs, or PD98059 (PD), an inhibitor of MAPKs,
and with 10 pM cadmium, for 5 days, in triplicates. The culture
medium containing inhibitors and cadmium was changed every
48 h. Samples were harvested on day 5, and sampling occurred
11 h after the start of the day. Samples were washed twice with
50 mM Tris-HCl (pH = 7)-10 mM EDTA for 20 min, and
dried in an oven at 60°C for 4 days until reaching a constant
dry weight. The detection of GSH and PCs was performed
in these samples.

For the detection of transcripts encoding MTs in samples
cultivated with inhibitors and cadmium, the alga (5 g) was
cultivated in 30 ml of seawater 5 wM ST, KN, and PD, and with
10 pM cadmium for 5 days, in triplicates. The culture medium
containing inhibitors and cadmium was changed every 48 h.
Samples (5 g in triplicate) were harvested on day 5, washed twice
with 50 mM Tris-HCI (pH = 7)-10 mM EDTA for 20 min and
kept at —80°C.

Detection of Intracellular Cadmium
Intracellular cadmium was detected as described in Navarrete
et al. (2019). The alga [0.5 g of dry tissue (DT)] was pre-
incubated in 6 ml of nitric acid 65% (Merck, ultrapure) and
2 ml of 30% hydrogen peroxide (Merck, ultrapure) in Teflon
vials, overnight. Algae were digested in a microwave oven at
200°C for 10 min with 1,800 W of power and at 200°C and for
20 min with 1,800 W of power. Digests were cooled at room
temperature for 30 min and diluted with 25 ml of ultrapure water.
Samples were filtered with 0.2-pm membranes and analyzed
by inductively coupled plasma optical emission spectrometry
(ICP-OES, Perkin Elmer).
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Detection of Hydrogen Peroxide,

Superoxide Anions, and Lipoperoxides
Detection of hydrogen peroxide was performed as described in
Gonzalez et al. (2010). The alga [1.5 g of fresh tissue (FT)] was
incubated in 100 ml of 100 mM Tris-HCI (pH = 7) containing
10 uM of 2',7" dichlorodihydrofluorescein diacetate (DCHF)
(Calbiochem, San Diego, CA, United States) for 45 min at room
temperature in darkness. The alga was rinsed with seawater and
dried with paper, weighted, and frozen in liquid nitrogen. The
alga was homogenized in liquid nitrogen in a mortar with a pestle.
Five milliliters of 100 mM Tris-HCI (pH = 7) was added, and
the homogenization was pursued until thawing. The mixture was
centrifuged at 10,000 x g for 5 min at 4°C, and the supernatant
was recovered. Fluorescence of the supernatant was determined
using an excitation wavelength of 488 nm and an emission
wavelength of 525 nm, and a spectrofluorometer model LS-5
(PerkinElmer, Shelton, CT, United States). Hydrogen peroxide
level was expressed as nanomoles of 2',7" dichlorofluorescein
(DCF), and the calibration curve was prepared with 1 to
500 nmol of DCF.

Detection of superoxide anions was performed as described
in Gonzalez et al. (2010). The alga (1.5 g of FT) was incubated
in 100 ml of 100 mM Tris-HCI (pH = 7) containing 100 M
of hydroethidine (HE), for 45 min at room temperature,
in darkness. The alga was rinsed with seawater, dried with
paper, weighted, and frozen in liquid nitrogen. The alga was
homogenized in liquid nitrogen in a mortar with a pestle, 5 ml of
100 mM Tris-HCI (pH = 7) was added, and the homogenization
was pursued until thawing. The mixture was centrifuged at
10,000 x g for 5 min at 4°C, and the supernatant was
recovered. Fluorescence of the supernatant was determined using
an excitation wavelength of 480 nm, an emission wavelength
of 590 nm, and a spectrofluorometer model LS-5 (PerkinElmer,
Shelton, CT, United States). Superoxide anions level was
expressed as nanomoles of 2-hydroxyethidium (2-OHE), and the
calibration curve was prepared using the extinction coeflicient of
2-OHE (e = 9.4 mM~! cm™1).

Detection of lipoperoxides was performed as described in
Ratkevicius et al. (2003). The alga (1.5 g of DT) was frozen
in liquid nitrogen and homogenized in a mortar with a pestle.
Five milliliters of 0.1% (w/v) trichloroacetic acid (TCA) was
added, and the homogenization was pursued until thawing. The
mixture was centrifuged at 10,000 x g for 20 min at 4°C, and
the supernatant was recovered. Lipoperoxides were determined
by the addition of 200 l of the supernatant to 800 pl of a
reaction mixture containing 0.5% thiobarbituric acid (solubilized
in 20% TCA) and an incubation at 100°C for 30 min. The
absorbance of the solution was analyzed at 512 nm. The amount
of lipoperoxides was determined using the extinction coefficient
of adduct formed by malondialdehyde and thiobarbituric acid
(e=155mM~ ' em™1).

Preparation of Protein Extracts

Protein extracts were prepared as described in Laporte et al.
(2020b). The alga (2 g of FT) was frozen in liquid nitrogen
and homogenized in a mortar with a pestle. Six milliliters of

100 mM of phosphate buffer (pH = 7) supplemented with
5 mM B-mercaptoethanol was added, and the homogenization
was pursued until thawing. The homogenate was centrifuged at
10,000 x g for 15 min at 4°C, and the supernatant was recovered.
Proteins were precipitated by addition of 0.6 g of ammonium
sulfate per milliliter of extract. The extract was centrifuged at
10,000 x g for 30 min at 4°C, and the supernatant was removed.
The pellet (precipitated proteins) was solubilized in 300 wl of
100 mM phosphate buffer containing 2 mM B-mercaptoethanol
and 10% glycerol, and stored at —80°C.

Detection of Antioxidant Enzyme

Activities

Ascorbate peroxidase activity was detected as described in
Ratkevicius et al. (2003). To determine AP activity, 50 g was
added to 1 ml of reaction solution containing 100 mM phosphate
buffer (pH = 7) and 16 mM hydrogen peroxide. The decrease
in absorbance due to ascorbate consumption was detected at
290 nm for 1 min.

Dehydroascorbate reductase (DHAR) activity was determined
as described in Ratkevicius et al. (2003). To determine DHAR
activity, 70 g of protein extract was added to 1 ml of reaction
mixture containing 100 mM phosphate buffer (pH = 7), 1 mM
GSH, and 0.5 mM dehydroascorbate (DHA). The increase in
absorbance at 290 nm due to ASC synthesis was determined at
290 nm for 1 min.

Glutathione reductase activity was detected as described in
Ratkevicius et al. (2003). To determine GR activity, 50 pg of
protein extract was added to 1 ml of reaction mixture containing
100 mM phosphate buffer (pH = 7), 0.5 mM of oxidized
glutathione (GSSG), and 0.15 mM NADPH. The decrease
in absorbance due to NADPH consumption was detected at
340 nm for 1 min.

Preparation of Nonprotein Thiol Extracts
The alga (0.2 g of DT) was frozen in liquid nitrogen and
homogenized in a mortar with a pestle and extracted by
addition of 1.2 ml of 0.1% (w/v) trifluoroacetic acid (TFA)-
6.3 mM diethylenetriaminepentaacetic acid (DTPA). The mixture
was centrifuged at 12,000 x g for 20 min at 4°C, and the
supernatant was recovered and filtered through a 0.45-pum-pore
size membrane. Thiol groups were subjected to derivatization
by mixing 250 pl of the filtered homogenate with 45 pl of
200 mM HEPES, pH = 8.2-6.3 mM DTPA, and 1 pl of
monobromobimane (Invitrogen, Eugene, OR, United States),
and the solution was incubated at room temperature in darkness
for 30 min. Derivatization process was arrested by addition of
30 l of methanesulfonic acid (MSA).

Detection of Glutathione and
Phytochelatins

Detection of GSH and PCs was performed as described in
Mellado et al. (2012). A sample of nonprotein thiols (20 1) was
separated by high-performance liquid chromatography (HPLC)
in a reverse phase C-18 column at 25°C. GSH and PCs were
eluted using 0.1% TFA aqueous solution (solvent A) and 100%
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acetonitrile (solvent B) and a linear gradient of 0 to 20%
of solvent B for 10 min, 20-35% of solvent B for 30 min,
and 35-100% of solvent B for 10 min, a flow rate of 1 ml
min~!, and 200 bars of pressure. GSH and PCs were detected
by fluorescence at 380-nm excitation and 470-nm emission
wavelengths. Retention times of GSH, PC2, and PC4 were 9.6,
12.7, and 16.7 min, respectively. The calibration curve was
prepared with 1 to 50 nmol of GSH.

Detection of Ascorbate

Detection of ASC was performed as described in Ratkevicius
et al. (2003). The alga (0.5 g of DT) was homogenized with
liquid nitrogen in a mortar using a pestle. Five milliliters of
2.5 M perchloric acid was added, and the homogenization
was pursued until thawing. The homogenate was centrifuged
at 10,000 x g, and the supernatant was recovered. A sample
of 150 pl was added to a mixture containing 2% (w/v) TCA,
8.8% ortho-phosphoric acid, 0.01% a,o/-dipyridyl, and 10 mM
ferric acid in a final volume of 1 ml. The reaction mixture
was incubated 1 h at 40°C, and the absorbance was determined
at 525 nm. The calibration curve was prepared using 1-
300 nmol of ASC.

Extraction of Total RNA

The extraction of total RNA was performed as described in
Navarrete et al. (2019). The alga (0.1 g of FT) was homogenized
in liquid nitrogen in a mortar with a pestle. One milliliter of
TRIzol reagent (Life technologies, Carlsbad, CA, United States)
was added, and the homogenization was pursued until thawing.
The mixture was centrifuged at 10,000 x g for 10 min at
4°C, and the supernatant was recovered. Chloroform (200 pl)
was added, and the mixture was vortexed for 10 s and left
at room temperature for 3 min. The mixture was centrifuged
at 10,000 x g for 15 min at 4°C, and the upper aqueous
phase was recovered. Isopropanol (500 pl) was added, and
the solution was incubated at room temperature for 10 min;
the solution centrifuged at 10,000 x g for 10 min at 4°C,
and the supernatant was discarded. The pellet (total RNA)
was washed with 1 ml of 75% ethanol and centrifuged at
10,000 x g for 5 min. Ethanol was removed, and the pellet
was dried at room temperature for 15 min. The pellet was
solubilized in 15 pl of ultrapure water treated with DEPC and
incubated for 15 min with 1 U of DNAse I, and the enzyme
was inactivated by heating at 65°C for 10 min. Total RNA
was quantified using the kit Quant-iT Ribogreen RNA assay
(Invitrogen, United States), the ratio of absorbance 260/280 nm
was determined, RNA integrity was verified in an agarose gel
stained with ethidium bromide, and total RNA was stored at
—80°C.

Quantification of Metallothionein

Relative Transcript Levels

The relative level of transcripts encoding MTs of U. compressa,
UcMTI1, UcMT2, and UcMT3, were determined by qRT-
PCR using a real-time thermocycler (Agilent, United States).

The ¢cDNA was prepared using reverse transcriptase (Bio-
Rad, United States) and oligo-dT and 1 pg of total RNA.
Amplifications were performed using 50 ng of total cDNA,
15 ng of primers, and 3 mM magnesium chloride. Tubulin-f was
used as housekeeping gene since the levels of transcripts
did not change under cadmium stress in U. compressa
(D. Laporte, personal communication). PCR primers were
designed based on previously obtained transcriptomes of
U. compressa (Laporte et al., 2016, 2020a) and they were:
TUB-F: 5 TGCAACTTTTGTAGGCAACTC3' and TUB-R:
5CAGTGAACTCCATCTCGTCC3'; UcMT1-F: 5CCAGTGCC
AAACCGAAGATG3 and UcMTI-R: 5TGCTAGCAG
GCACAGTCGTC3'; UcMT2-F:  5GCACTCCTGAGACCT
GCACT3’ and UcMT3-R: 5 ATCCTTCGCGGGTGAGCAAG3';
UcMT3-F: 5TCTTGTTGTGAAGCAAGTGA3' and UcMT3-
R: 5CACAGTTGCATTCTGCGGTT3'. Amplification was
performed for 5 s at 95°C, 10 s at 54°C for tubulin, or 10 s at
56°C for UcMTs, and 40 cycles of amplification in all cases.
The relative level of transcripts was expressed as 27 AACT
(Livak and Schmittgen, 2001).

Statistical Analyses

Statistical analyses were performed using Statgraphics Centurion
16 software followed by two-way ANOVA Tukey’s test at a
confidence interval of 95%.

RESULTS

Kinetics of Intracellular Cadmium

Accumulation in Ulva compressa

The alga was cultivated in seawater with increasing
concentrations of cadmium corresponding to 10, 25, and 50 uM
of the metal (Figure 1). The level of intracellular cadmium was
2 ng g~ ! of dried tissue (DT) in control condition. The alga
cultivated with 10, 25, and 50 WM cadmium showed an increase
in intracellular cadmium reaching 37.2, 59.2, and 89.1 pg g~ ! of
DT, respectively, on day 1, intracellular cadmium level remained
unchanged until day 5, and it increased again on days 7 to 46.4,
93.4, and 116.9 pg g~ ! of DT, respectively (Figure 1). Thus,
the kinetics of intracellular cadmium accumulation showed
a triphasic kinetic pattern of cadmium accumulation with an
initial increase on day 1, a plateau until day 5, and a second
increase on day 7.

Oxidative Stress in Response to

Cadmium Stress

The level of hydrogen peroxide was 11 nmol g~ ! of fresh tissue
(FT) in control condition, and it increased to 137 nmol g_1 of FT
at 1 h of cadmium exposure, then it decreased to 20 nmol g~ ! of
FTat3and 6 h,to 13 nmol g~ ! of FT at 9 h of exposure, increased
again to 109 nmol g~! of FT at 12 h of exposure and decreased
to 15 nmol g~! of FT until 24 h of exposure (Figure 2A). The
level of hydrogen peroxide level did not increase at 48 or 72 h
of cadmium exposure (data not shown). The level of superoxide
anions was 33 nmol g~ ! of FT in control condition. It increased
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FIGURE 1 | Accumulation of intracellular cadmium in the marine alga Ulva
compressa cultivated in seawater with 10 wM (black circles), 25 uM (black
triangles), and 50 uM (black squares) of cadmium for O to 7 days. The level of
intracellular cadmium is expressed as micrograms per gram of dry tissue (DT).
Symbols represent the mean values of three independent experiments.
Different letters indicate significant differences among mean values (£SD)

(P < 0.05).

to 151 nmol g~ ! of FT on day 1 and decreased to reach the control
level on days 5 and 7 (Figure 2B). The level of lipoperoxides
was 166 nmol g=! of DT in control condition. It increased to
397 nmol g~ ! of DT on day 5 and decreased to 200 nmol g~*
of DT on day 7 (Figure 2C). Thus, cadmium excess induced
oxidative stress reflected by increases in hydrogen peroxide at 2
and 12 h, superoxide anions with a maximal level on day 1, and
lipoperoxides with a maximal level on days 3 to 5 in U. compressa.

Activation of Antioxidant Enzymes in

Response to Cadmium Stress

The activity of AP was 8 pmol min~! mg™! of protein in
the control condition. It increased to 38 wmol min~! mg~! of
protein on day 1 and decreased to 16 pmol min~! mg~! of
protein on day 7 (Figure 3A). The activity of DHAR was 7 pumol
min~! mg~! of protein in the control and remained unchanged
until day 7 of cadmium exposure (Figure 3B). The activity of
GR was 34 pumol min~! mg~! of protein in the control, and
it increased to 56 pmol min~! mg~! of protein on day 3 and
remained increased until day 7 (Figure 3C). Thus, cadmium
excess activates antioxidant enzyme system in U. compressa.

Synthesis of Glutathione and Ascorbate

in Response to Cadmium Stress

The level of GSH was 26 pumol g~! of DT in control condition.
It increased to 35 wmol g~ ! of DT on day 1, decreased until
14 wmol g=! of DT on day 3, and increased to reach the
control level on days 5 and 7 (Figure 4A). The level of ASC
was 11 pmol g*1 of FT in control condition, and it slightly
increased on days 5 and 7 to 15 wmol g=! of DT (Figure 4B).
The activity of the enzyme glutathione synthase (GS) involved in
GSH synthesis was 6.8 wmol min~! mg~! of protein in control
condition. It increased to 12 pumol min~! mg~! of protein on
days 3 and 5, and decreased to 9 wmol min~! mg™! of protein
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FIGURE 2 | Level of hydrogen peroxide (A), superoxide anions (B), and
lipoperoxides (C) in the marine alga U. compressa cultivated in seawater
without copper addition (open circles) and with 10 wM of cadmium (black
circles) for O to 7 days. The level of hydrogen peroxide is expressed as
nanomoles per gram of fresh tissue (FT), that of superoxide anions as
nanomoles per gram of FT, and that of lipoperoxides as nanomoles per gram
of dry tissue (DT). Symbols represent mean values of three independent
experiments. Different letters indicate significant differences among mean
values (£SD) (P < 0.05).

on day 7 (Figure 4C). The activity of L-galactono 1,4 lactone
dehydrogenase (L-GLDH) involved in the synthesis of ASC was
5 wmol min~! mg~! of protein in control condition, and it
increased to 10 wmol min~! mg~! of protein on days 3, 5, and
7 (Figure 4D). Thus, cadmium excess induced the synthesis of
GSH and ASC in U. compressa, mainly GSH.
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FIGURE 3 | Activities of antioxidant enzymes ascorbate peroxidase (A),
dehydroascorbate reductase (B), and glutathione reductase (C) in the marine
alga U. compressa cultivated in seawater without cadmium addition (open
circles) and with 10 M of cadmium (black circles) for O to 7 days. Enzyme
activities are expressed as micromoles per minute per gram of proteins.
Symbols represent mean values of three independent experiments. Different
letters indicate significant differences among mean values (£SD) (P < 0.05).

Synthesis of PCs and Increase in
Expression of UcMTs in Response to
Cadmium Stress

The level of PC2 was 110 nmol g~ ! of DT in control condition.
It decreased to 35 nmol g~! of DT on day 3 and increased to
140 nmol g~ ! of DT on days 5 and 7 (Figure 5A). The level of
PC4 was 143 nmol g~ ! of DT in control condition. It decreased to

83 nmol g~ ! of DT on day 3, increased to 123 nmol g~ ! of DT on
day 5, and decreased to 74 nmol g~ ! of DT on day 7 (Figure 5B).
The relative level of transcripts encoding UcMT1 showed an
increase of 41 times on day 3 and 12 times on day 7 (Figure 5C).
The relative level of UcMT2 increased 528 times on day 3 and 230
times on day 7 (Figure 5D). Cadmium excess did not induce the
increase in the relative level of UcMT3 (data not shown). Thus,
cadmium excess induced the synthesis of PC2 and PC4 and the
increase in expression of UcMT1 and UcMT2 in U. compressa.

Involvement of Calcium-Dependent
Protein Kinases, Calmodulin-Dependent
Protein Kinases, Calcineurin B-Like
Protein Kinases, and MAPKSs in
Cadmium Accumulation, in Glutathione
and Phytochelatin Synthesis and in the
Expression of Metallothioneins

The level of intracellular cadmium was 2 jug g~ ! of DT in control
condition, and it was 33 pg g~! of DT in the alga cultivated
with 10 pM of cadmium for 5 days. Staurosporine (ST), an
inhibitor of CDPKs, decreased the level of intracellular cadmium
to 1.5 pg g~ ! of DT on day 5; KN62 (KN), an inhibitor of
CaMKs, decreased the level of intracellular calcium to 25 pg
g~ ! of DT; FK506 (FK), an inhibitor of CBLPKs, decreased the
level of intracellular cadmium to 26 g g~ ! of DT; and PD98059
(PD), an inhibitor of MAPKs, decreased the level of intracellular
cadmium to 16 pg g~ ! of DT (Figure 6A). Thus, CDPK, CaMK,
CBLPK, and MAPK signaling pathways are involved in cadmium
accumulation in U. compressa.

The level of GSH was 37.3 pmol g=! of DT in the alga
cultivated with 10 pM cadmium for 5 days (Figure 6B). ST
decreased the level of GSH to 28.3 umol g~ ! of DT; KN decreased
its level to 30.5 wmol g=! of DT; FK decreased its level to
25.7 wmol g~ ! of DT; and PD decreased its level to 23.9 on day 5
(Figure 6B). The level of PC2 was 3.4 nmol g~ ! of DT in the alga
cultivated with 10 WM of cadmium for 5 days (Figure 6C). ST
decreased the level of PC2 to 1.6 nmol g~ ! of DT; KN decreased
its level to 1.3 nmol g~ ! of DT; FK decreased its level to 1.6 nmol
g~ ! of DT; and PD decreased its level to 1.3, on day 5 (Figure 6C).
The level of PC4 decreased on day 5 to 188 nmol g~ ! of DT but
increased the level on day 5 (Figure 6D). Thus, CDPK, CaMK,
CBLPK, and MAPK signaling pathways are involved in GSH and
PCs synthesis in U. compressa exposed to cadmium stress.

The relative level of transcripts encoding UcMT1 remained
unchanged in the alga treated with ST and 10 pM of cadmium;
it decreased in the alga treated with KN and FK; and it increased
two times in the alga treated with PD (Figure 6E). Thus, CaMKs
and CBLPKs are involved in the activation of UcMT1 expression,
whereas MAPKs are involved in inhibition of UcMT1 expression.
The relative level of transcripts of UcMT?2 increased 1.5 times in
the alga treated with ST and 10 pM of cadmiumy; it decreased in
the alga treated with KN and FK; and it increased 5.2 times in
the alga treated with PD (Figure 6F). Thus, CaMKs and CBLPKs
are involved in the activation of UcMT2 expression, CDPKs and
MAPKSs are involved in the inhibition of UcMT2 expression,
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represent mean values of three independent experiments. Different letters indicate significant differences among mean values (£SD) (P < 0.05).
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and UcMTs could be involved in cadmium accumulation, but
their involvement may be less relevant than the increase in
GSH and PCs levels.

DISCUSSION

Kinetics of Intracellular Cadmium

Accumulation in Ulva compressa
In this work, we showed that increasing concentrations of
cadmium ranging from 10 to 50 M induced a triphasic kinetic
pattern of intracellular cadmium accumulation in the marine
alga U. compressa. This first step was an increase in intracellular
cadmium on day 1, then a plateau until day 5, and a second
increase in intracellular cadmium on day 7. This triphasic kinetic
contrast with the linear accumulation of cadmium in U. lactuca
cultivated with 0.4 to 0.7 pM cadmium for 4 days (Kumar et al.,
2010), and with the linear accumulation observed in U. prolifera
and U. linza cultivated with 0 to 80 wM cadmium for 7 days (Jiang
et al., 2013). Thus, the kinetics of cadmium accumulation differs
among Ulvophyceae.

The plateau of cadmium accumulation observed from days
1 to 5 may be due to cadmium extrusion to the extracellular
medium, as it has been previously observed in the alga cultivated
with copper ions (Navarrete et al., 2019). In fact, U. compressa
released copper ions to the culture medium accompanied by

an equimolar amount of GSH, but not PCs or MTs (Navarrete
et al., 2019). The release of the cadmium to the culture medium
could be accompanied in this case by GSH and/or PCs since both
decreased on day 3. In plants, it has been shown that ABCC1
and ABCC2 transporters also participate in the transport of
cadmium/PC complexes to the vacuole that are further released
to the culture medium (Park et al., 2012). In this sense, it has
been shown in E. gracilis cultivated with cadmium that the
metal accumulates in the chloroplast and showed an increased
protein level of transporter HMT?2 that extrudes cadmium to the
extracellular medium and HMT3 that allows its accumulation
in the chloroplasts (Kathiwada et al., 2020). Thus, transporters
similar to the HMT family may exist in U. compressa, as in green
microalgae and euglenoids (Hainikenne et al., 2005; Kathiwada
et al., 2020). The second increase in intracellular cadmium may
be mediated by GSH and PCs, mainly PC2, since the inhibition
of their synthesis using inhibitors of signal transduction pathways
correlate with the decrease in intracellular cadmium.

Cadmium-Induced Oxidative Stress and

Activation of Antioxidant Enzymes

Cadmium excess induced the accumulation of hydrogen peroxide
at 2 and 12 h, the increase of superoxide anions on day 1 that
decreased until day 5, and the increase in lipoperoxides on days
1 to 5 that decreased to control level on day 7. Thus, cadmium
induced an oxidative stress condition in U. compressa reflected by
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FIGURE 5 | Level of phytochelatins PC2 (A) and PC4 (B) in the alga U. compressa cultivated in seawater without cadmium addition (open circles) and with 10 M of
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the increase in superoxide anions and hydrogen peroxide levels
and the production of lipoperoxides. In this sense, it has been
shown that U. compressa cultivated with 10 wM of copper showed
an increase in hydrogen peroxide at 2, 3, and 12 h, a continuous
increase in superoxide anions from day 3 until day 7 (Gonzalez
et al,, 2010), and an increase in lipoperoxides began on day 3
reaching a plateau on days 5 to 7 (A. Moenne, unpublished data).
The higher increase in superoxide anions induced by copper
stress may be due the higher electronegativity of copper, which is
1.95 and that of cadmium, which is 1.65, and the latter may lead
to a higher capture of electrons in electron transport chains in
the mitochondria and chloroplasts (Gonzalez et al., 2010). Thus,
cadmium and copper induced an oxidative stress condition in
U. compressa, as it has been shown in plants (Cuypers et al., 2011,
2016; Romero-Puertas et al., 2019).

The buffering of superoxide anions is due to SOD that
produces hydrogen peroxide, and hydrogen peroxide is reduced
by an antioxidant, the enzyme AP, to oxygen and water. In plants,
AP is coupled to DHAR and GR constituting the Halliwell-
Asada-Foyer cycle (Foyer and Noctor, 2011). Considering that
the superoxide anion level decreased on day 7, the activity
of SOD might be increased, and hydrogen peroxide produced
by SOD was mitigated by the activation of AP that was not
coupled to GR since DHAR activity was not increased. However,

GR was increased suggesting that GR may be used to recover
GSH from GSSG using the reducing power of NADPH. It has
been previously shown that cadmium induced oxidative stress
and activation of antioxidant enzymes in different plants and
microalgae (Cuypers et al, 2011, 2016; Figueira et al., 2014;
Kovacik and Dresler, 2018). Thus, the activation of antioxidant
enzymes that mitigate oxidative stress induced by cadmium is a
common feature to all photosynthetic organisms.

Cadmium-Induced Synthesis of
Glutathione and Ascorbate

Cadmium induced the synthesis and consumption of GSH and
ASC, but the production and consumption of GSH was higher
than the production and consumption of ASC. The higher
consumption of GSH was observed on day 3 as well as the higher
consumption of PC2 and PC4, and thus, GSH may be used for
the synthesis of PC2 and PC4 in order to chelate cadmium ions.
As mentioned before, it is possible that GSH and/or PCs may be
used to extrude cadmium ions from the cells of U. compressa.
Results obtained with cadmium contrast with those observed
in the alga cultivated with 10 WM of copper showing that ASC
is constantly consumed from days 1 to 7, and the activity of
AP strongly increased from days 3 to 7 (Gonzalez et al., 2010;
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Mellado et al., 2012). Thus, cadmium tolerance involved mainly  expression of UcMTs occurred on days 3 to 5, and the
GSH synthesis, whereas copper tolerance is based mostly on ASC ~ second increase in intracellular cadmium was observed on
synthesis in U. compressa. day 7. Thus, it is possible that the initial accumulation of

cadmium was mediated by GSH and PCs, and the second

. _ . phase of accumulation may involve PCs and/or UcMTs. In
Cadmium-Induced SyntheS|s of this sense, it has been shown that PCs mediate cadmium

Phytochelatins and Increased accumulation in plant vacuoles through transporters HMT3 that
Expression of Metallothionein transport free cadmium ions, HMT1 that transport cadmium
Cadmium accumulation was observed on day 1, and synthesis with GSH and ABCC1, and ABCC2 that transport cadmium
and consumption of PCs began on day 1. In contrast, the with PCs (Mendoza-Cozatl et al., 2011; Shukla et al., 2012, 2013)
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FIGURE 7 | Scheme of cadmium tolerance and accumulation in the marine
alga Ulva compressa. Cadmium induced the synthesis of reactive oxygen
species (ROS) that are buffered by antioxidant enzymes; cadmium induced
the synthesis of glutathione (GSH) and phytochelatins and the increase in
metallothionein (UcMT) expression. The increase in cadmium accumulation
and in GSH and PC levels involved the activation of CDPKs, CaMKs,
CBLPKs, and MAPKs signaling pathways, and the increase in UcMTs
expression involved only CaMKs and CBLPKs. GSH, PCs, and/or UcMTs may
participate in the formation of electrodense nanoparticles in the chloroplast of
U. compressa allowing cadmium accumulation.

as well as MTs (Zimeri et al, 2005; Pagani et al, 2012;
Rono et al, 2021). In contrast, U. compressa cultivated with
10 WM copper showed an increase in PC2 and PC4 on
days 5 to 12, and no decrease in their levels compared with
cadmium, and this increase was concomitant with enhanced
expression of UcMT occurring on days 5 to 12 (Navarrete
et al, 2019). In addition, particles containing copper are
accumulated in the chloroplast of U. compressa (D. Espinoza,
unpublished), and probably, cadmium may also be accumulated
in chloroplasts, as it has been shown in E. gracilis treated with
cadmium (Mendoza-Cdzatl et al., 2002; Mendoza-Cozatl and
Moreno-Sanchez, 2005). Thus, PCs and MTs are involved in
copper and cadmium accumulation in U. compressa, probably
in chloroplasts.

Interestingly, cadmium increased the expression of UcMT1
and UcMT?2, but not UcMT3. The latter contrasts with the
results obtained in the alga cultivated with copper that showed
the increase in the expression of the three UcMTs (Navarrete
et al, 2019). In addition, cadmium mainly increased the
expression of UcMT2, compared with UcMTI1, since these
increases were 41 and 528 times, respectively. This contrasts
with results obtained in the alga cultivated with copper that
showed that increases in UcMT1, UcMT2, and UcMT3 were

similar, and the level of transcripts increased only 10-15 times.
Thus, the effects of cadmium stress are quite different from
those of copper stress in U. compressa, and cadmium induced
a higher consumption of PCs and a higher expression of
UcMT1 and UcMT2.

Involvement of Calcium-Dependent
Protein Kinases, Calmodulin-Dependent
Protein Kinases, Calcineurin B-Like
Protein Kinases, and MAPKs in
Cadmium Accumulation, in the Increase
in Glutathione and Phytochelatin Levels

and Overexpression of Metallothionein
Regarding the involvement of CDPKs, CaMKs, CBLPKs, and
MAPK signaling pathways in cadmium accumulation, and GSH
and PC synthesis and UcMTs expression, it was shown that
cadmium accumulation required the activation of the four
signaling pathways since their inhibition leads to a decrease in
cadmium accumulation, mainly CDPKs. In addition, the level
of GSH decreased, the level of PC2 decreased, and the level
of PC4 increased on day 5 with the four inhibitors. These
results strongly suggest that GSH and PCs may be involved
in cadmium accumulation in U. compressa. In addition, the
expression of UcMT1 and UcMT2 decreased with KN and
FK indicating that CaMKs and CBLPKs are involved in the
increased expression of MTs induced by cadmium. Even if UcMT
expression is inhibited only by two inhibitors, it is not excluded
that UcMTS may also be involved in cadmium accumulation in
U. compressa. In this sense, it has been shown that cadmium is
sequestered in the vacuoles of plants and yeast (Speiser et al.,
1992; Li et al., 1997) or in the chloroplast in E. gracilis through
the binding to PCs and/or GSH (Mendoza-Cozatl et al., 2002;
Mendoza-Cézatl and Moreno-Sanchez, 2005). In tomato cells
resistant to cadmium, in plants such as Brassica juncea and Silene
vulgaris, and in the fission yeast Schizosaccharomyces pombe,
cadmium and copper were accumulated as a complex with
PCs and sulfide, and this complex is more stable and showed
a higher affinity for these metals than PCs (Murasugi et al.,
1983; Steffens et al., 1986; Reese and Winge, 1988; Reese et al.,
1988; Verkleij et al., 1990; Speiser et al., 1992). Recently, it has
been determined that copper accumulates in the chloroplasts of
U. compressa as copper-containing electrodense nanoparticles as
visualized by transmission electron microscopy (TEM) coupled
with energy dispersive X-Ray spectroscopy (EDXS) (D. Espinoza,
unpublished). Thus, it is possible that cadmium and copper
may accumulate in the chloroplast of U. compressa bound to
GSH, PC, sulfide, and/or UcMT, but the latter need to be
further determined.

CONCLUSION

The alga U. compressa cultivated with cadmium showed
the accumulation of the metal at intracellular level showing
a triphasic kinetic pattern. Cadmium induced increases
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in hydrogen peroxide and mainly of the level of superoxide
anions leading to the production of lipoperoxides indicating
that cadmium induced an oxidative stress condition in the
alga. Oxidative stress was mitigated by activation of antioxidant
enzymes and the synthesis of GSH and ASC, mainly GSH.
Cadmium induced the synthesis and consumption of PCs
suggesting that PCs are involved in cadmium extrusion and/or
accumulation in the alga. Cadmium also induced an increased
expression of UcMTs. The inhibition of signaling pathways
dependent on CDPKs, CaMKs, CBLPKs, and MAPKs leads to
the inhibition of cadmium accumulation and to a decreased
level of GSH and PC2 and an increase in PC4. In contrast, only
inhibitors CaMK and CBLPKs decreased the level of UcMTs
expression (see scheme in Figure 7). Thus, it is possible that GSH
and PCs are involved in cadmium accumulation in chloroplasts
of U. compressa, but it is not excluded that UcMTs may also
participate in its accumulation.

REFERENCES

Balzano, S., Sardo, A., Blasio, M., Chahine, T. B., Dell’Anno, F., Sansone, C., et al.
(2020). Microalgal metallothioneins and phytochelatins and their potential use
in bioremediation. Front. Microbiol. 11:517. doi: 10.3389/fmicb.2020.00517

Brunetti, P., Zanella, L., Proia, A., De Paolis, A., Falasca, G., Altamura, M. M.,
et al. (2011). Cadmium tolerance and phytochelatin content of Arabidopsis
seedlings over-expressing the phytochelatin synthase gene AtPCS1. J. Exp. Bot.
62, 5509-5519. doi: 10.1093/jxb/err228

Celekli, A., and Bulut, H. (2020). Biochemical and morphological responses to
cadmium-induced oxidative stress in Cladophota glomerata. Turk. ]. Bot. 44,
222-231. doi: 10.3906/bot-2001-12

Cobbett, C.S., and Goldsbrough, P. B. (2002). Phytochelatins and metallothioneins:
roles in heavy metal detoxification and homeostasis. Annu. Rev. Plant Biol. 53,
159-182. doi: 10.1146/annurev.arplant.53.100301.135154

Cuypers, A., Hendrix, S., Amaral dos Reis, R., De Smet, S., Deckers, J., Gielen, H.,
etal. (2016). Hydrogen peroxide, signaling in disguise during metal phytoxicity.
Front. Plant Sci. 7:410.

Cuypers, A., Smeets, K., Ruytinx, J., Opdenakker, K., Keunen, E., Remans, T.,
et al. (2011). The cellular redox state as a modulator in cadmium and copper
responses in Arabidopsis thaliana seedlings. J. Plant Physiol. 168, 309-316.
doi: 10.1016/j.jplph.2010.07.010

Figueira, E., Freitas, B., Guash, H., and Almeida, S. F. P. (2014). Efficiency of
cadmium chelation by phytochelatins in Nitzschia palea (Kutzing) W. Smith.
Ecotoxicology 23, 285-292. doi: 10.1007/s10646-013-1172-8

Foyer, C., and Noctor, G. (2011). Ascorbate and glutathione: the heart of the redox
hub. Plant Physiol. 155, 2-8. doi: 10.1104/pp.110.167569

Gallego, S. M., Pena, L. B,, Barcia, R. A., Azpilicueta, C. E., lannone, M. F,,
Rosales, E. P., et al. (2012). Unraveling cadmium toxicity and tolerance in
plants: insights into regulatory mechanisms. Environ. Exp. Bot. 83, 33-46. doi:
10.1016/j.envexpbot.2012.04.006

Gonzélez, A., Cabrera, M. A., Henriquez, M. J., Contreras, R. A., Morales, B., and
Moenne, A. (2012). Cross talk among calcium, hydrogen peroxide, and nitric
oxide and activation of gene expression involving calmodulins and calcium-
dependent protein kinases in Ulva compressa exposed to copper excess. Plant
Physiol. 158, 1451-1462. doi: 10.1104/pp.111.191759

Gonzélez, A., Vera, J., Castro, J., Dennett, G., Mellado, M., Morales, B., et al.
(2010). Co-occuring increases of calcium and reactive oxygen species determine
differential activation of antioxidant and defense enzymes in Ulva compressa
(Chlorophyta) exposed to copper excess. Plant Cell Environ. 33, 1627-1640.
doi: 10.1111/§.1365-3040.2010.02169.x

Hainikenne, M., Krdmer, U., Demoulin, V., and Baurain, D. (2005). A comparartive
inventory of metal transporters in the green alga Chlamydomonas reinhardtii
and the red alga Cyanidoschizon merolae. Plant Physiol. 137, 428-446. doi:
10.1104/pp.104.054189

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: https://doi.org/10.6084/m9.figshare.14039546.

AUTHOR CONTRIBUTIONS

AG and DL did experimental work. AM designed the
experiments and wrote the manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was financed by the DICYT-USACH project
AP_20539MM to AM.

Hassler, C. S., Slaveykova, V. I, and Wilkinson, K. J. (2004). Discriminating
between intra-and extracellular metals using chemical extractions. Limnol.
Oceanogr. Methods 2, 237-242. doi: 10.4319/1om.2004.2.237

He, X. L, Fan, S. H,, Zhu, J., Guan, M. Y., Liu, X. X, Zhang, Y. S,, et al. (2017).
Iron supply prevents Cd uptake in Arabidopsis by inhibiting IRT1 expression
and favoring competition between Fe and Cd uptake. Plant Soil 416, 453-462.
doi: 10.1007/s11104-017-3232-y

Huang, Y., Chen, J., Zhang, D., Fang, B, Jin, T. Y., Zou, J.,, et al. (2021).
Enhanced vacuole compartmentalization of cadmium in root cells contributes
to glutathione-induced reduction of cadmium translocation from roots to
shoots in packoi (Brassica chinensis L.). Ecotoxicol. Environ. Saf. 208:111616.
doi: 10.1016/j.ecoenv.2020.111616

Jiang, H. P., Gao, B. B,, Li, W. H., Zhu, M., Zheng, C. F,, and Zheng, Q. S.
(2013). Physiological and biochemical responses of Ulva prolifera and Ulva
linza to cadmium stress. Sci. World J. 2013:289537. doi: 10.1155/2013/28
9537

Jonak, C., Nakagami, H., and Hirt, H. (2004). Heavy metal stress. Activation
of distinct mitogen-activated protein kinases pathways by copper
and cadmium. Plant Physiol. 136, 3276-3283. doi: 10.1104/pp.104.04
5724

Kathiwada, B., Hasan, M. T., Sun, A., Kamath, K. S., Mirzaei, M., Sunna,
A, et al. (2020). Proteomic response of Euglena gracilis to heavy metal
exposure — identification of key proteins involved in heavy metal tolerance and
accumulation. Algal Res. 45:101764. doi: 10.1016/j.algal.2019.101764

Kovacik, J., and Dresler, S. (2018). Calcium availability but not its content
modulates metal toxicity in Scenedesmus quadricauda. Ecotoxicol. Environ. Saf.
147, 664-669. doi: 10.1016/j.ecoenv.2017.09.022

Kumar, M., Kumari, P., Gupta, V., Anisha, P. A, Reddy, C. R. K., and Jha, B.
(2010). Differential responses to cadmium induced oxidative stress in marine
macroalga Ulva lactuca (Ulvales, Chlorophyta). Biometals 23, 315-325. doi:
10.1007/s10534-010-9290-8

Laporte, D., Gonzélez, A., and Moenne, A. (2020a). Copper-induced activation of
MAPKs, CDPKs and CaMKs triggers activation of hexokinase and inhibition
of pyruvate kinase leading to increased synthesis of ASC, GSH and NADPH in
Ulva compressa. Front. Plant Sci. 11:990. doi: 10.3389/fpls.2020.00990

Laporte, D., Rodiguez, F., Gonzalez, A., Zuniga, A., Castro-Nallar, E., Saez,
C. A, etal. (2020b). Copper-induced concomitant increases in photosynthesis,
respiration, and C, N and S assimilation revealed by transcriptomic analyses
in Ulva compressa (Chlorophyta). BMC Plant Biol. 20:25. doi: 10.1186/s12870-
019-2229-5

Laporte, D., Valdés, N., Gonzilez, A., Saez, C. A., Zuiga, A., Navarrete, A, et al.
(2016). Copper-induced overexpression of genes encoding antioxidant system
enzymes and metallothioneins involve the activation of CaMs, CDPKs and
MEK1/2 in the marine alga Ulva compressa. Aquat. Toxicol. 177, 433-440.
doi: 10.1016/j.aquatox.2016.06.017

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 669096


https://doi.org/10.6084/m9.figshare.14039546
https://doi.org/10.3389/fmicb.2020.00517
https://doi.org/10.1093/jxb/err228
https://doi.org/10.3906/bot-2001-12
https://doi.org/10.1146/annurev.arplant.53.100301.135154
https://doi.org/10.1016/j.jplph.2010.07.010
https://doi.org/10.1007/s10646-013-1172-8
https://doi.org/10.1104/pp.110.167569
https://doi.org/10.1016/j.envexpbot.2012.04.006
https://doi.org/10.1016/j.envexpbot.2012.04.006
https://doi.org/10.1104/pp.111.191759
https://doi.org/10.1111/j.1365-3040.2010.02169.x
https://doi.org/10.1104/pp.104.054189
https://doi.org/10.1104/pp.104.054189
https://doi.org/10.4319/lom.2004.2.237
https://doi.org/10.1007/s11104-017-3232-y
https://doi.org/10.1016/j.ecoenv.2020.111616
https://doi.org/10.1155/2013/289537
https://doi.org/10.1155/2013/289537
https://doi.org/10.1104/pp.104.045724
https://doi.org/10.1104/pp.104.045724
https://doi.org/10.1016/j.algal.2019.101764
https://doi.org/10.1016/j.ecoenv.2017.09.022
https://doi.org/10.1007/s10534-010-9290-8
https://doi.org/10.1007/s10534-010-9290-8
https://doi.org/10.3389/fpls.2020.00990
https://doi.org/10.1186/s12870-019-2229-5
https://doi.org/10.1186/s12870-019-2229-5
https://doi.org/10.1016/j.aquatox.2016.06.017
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Gonzélez et al.

Cadmium-Induced Phytochelatins and Metallothioneins

Lee, M. Y., and Shin, H. W. (2003). Cadmium-induced changes in antioxidant
enzymes from the marine alga Nannochloropsis oculata. J. Appl. Phycol. 15,
13-19. doi: 10.1023/A:1022903602365

Li, Z. S, Lu, Y. P,, Zhen, R. G,, Szczypka, M., Thiele, D. J., and And Rea, P. A.
(1997). A new pathway for vacuolar cadmium sequestration in Saccharomyces
cerevisiae: YCF1-catalyzed transport of bis (glutathionato) cadmium. Proc. Natl.
Acad. Sci. U.S.A. 94, 42-47.

Liu, X. M., Kim, K. E., Kim, K. C., Nguyen, H. J., Han, H. ]., Jung, M. S, et al. (2010).
Cadmium activates MPK3 and MPK6 via accumulation of reactive oxygen
species. Phytochemistry 71, 614-618. doi: 10.1016/j.phytochem.2010.01.005

Livak, K. J., and Schmittgen, T. T. (2001). Analysis of relative gene expression
data using real time quantitative PCR and 272 4 CT. Methods 25, 402-408.
doi: 10.1006/meth.2001.1262

Mellado, M., Contreras, R. A., Gonzélez, A., Dennett, G., and Moenne, A. (2012).
Copper-induced synthesis of ascorbate, glutathione and phytochelatins in the
marine alga Ulva compressa (Chlorophyta). Plant Physiol. Biochem. 51,102-108.
doi: 10.1016/j.plaphy.2011.10.007

Mendoza-Cézatl, D. G., and Moreno-Sénchez, R. (2005). Cd*? transport and
storage in the chloroplasts of Euglena gracilis. Biochim. Biophys. Acta 1706,
88-97.

Mendoza-Cozatl, D. G., Jobe, T. O., Hauser, F., and Schroeder, J. 1. (2011).
Long-distance transport, vacuolar sequestration and transcriptional responses
induced by cadmium and arsenic. Curr. Opin. Plant Biol. 14, 554-562.

Mendoza-Cézatl, D., Devars, S., Loza-Talavera, H., and Moreno-Sanchez, R.
(2002). Cadmium accumulation in chloroplasts of Euglena gracilis. Physiol.
Plant. 115, 276-283.

Moenne, A., Gémez, M., Laporte, D., Espinoza, D., Sdez, C. A., and Gonzalez,
A. (2020). Mechanisms of copper tolerance, accumulation, and detoxification
in the marine macroalga Ulva compressa (Chlorophyta): 20 years of research.
Plants 9:681. doi: 10.3390/plants9060681

Murasugi, A., Wada, C., and Hayashi, Y. (1983). Ocurrence of acid labile sulfude in
cadmium-binding peptide 1 from fission yeast. J. Biochem. 93, 661-664.

Navarrete, A., Gonzdlez, A., Gomez, M., Contreras, R. A., Diaz, P., Lobos, G.,
et al. (2019). Copper excess detoxification is mediated by a coordinated and
complementary induction of glutathione, phytochelatins and metallothioneins
in the green seaweed Ulva compressa. Plant Physiol. Biochem. 135, 423-431.
doi: 10.1016/j.plaphy.2018.11.019

Nithingale, E. R. (1959). Phenomenological theory of ion solvation. Effective radii
of hydrated ions. . Phys. Chem. 63, 1381-1387. doi: 10.1021/j150579a011

Pagani, M. A., Tomas, M., Carrillo, J., Bofill, R, Capdevila, M., Atrian, S.,
et al. (2012). The response of different soybean metallothioneins isoforms to
cadmium intoxication. J. Inorg. Chem. 117, 306-315. doi: 10.1016/j.jinorgbio.
2012.08.020

Park, J., Song, W. Y., Ko, D., Eom, Y., Hansen, T. H., Schiller, M., et al. (2012).
The phytochelatin transporters AtABCC1 and AtABCC2 mediate tolerance to
cadmium and mercury. Plant J. 69, 278-288. doi: 10.1111/j.1365-313x.2011.
04789.x

Ratkevicius, N., Correa, J. A., and Moenne, A. (2003). Copper accumulation,
synthesis of ascorbate and activation of ascorbate peroxidase in Enteromorpha
compressa (L.) Grev. (Chlorophyta) from heavy metal-enriched environments
in northern Chile. Plant Cell Environ. 26, 1599-1608. doi: 10.1111/j.1365-3040.
2010.02169.x

Reese, R. N., and Winge, D. R. (1988). Sulfide stabilization of the cadmium-gamma-
glutamyl peptide complex of Schizosaccharomyces pombe. J. Biol. Chem. 263,
12832-12835.

Reese, R. N., Mehra, R. K., Tarbet, E. B., and Winge, D. R. (1988). Studies on the
gamma-glutamyl Cu-binding peptide from Schizosaccharomyces pombe. J. Biol.
Chem. 263, 4186-4192.

Romero-Puertas, M. C., Terron-Canero, L. C., Peldez-Vico, M. A., Olmedilla,
A., and Sandalio, L. M. (2019). Reactive oxygen and nitrogen species as
key indicators of plant responses to Cd stress. Environ. Exp. Bot. 161,
107-119.

Rono, J. K., Wang, L. L., Wu, X. C,, Cao, H. W,, Zhao, Y. N,, Khan, I. U,, et al.
(2021). Identification of a new function of metallothionein-like gene OsMT1e
for cadmium detoxification and potential phytoremediation. Chemosphere
265:129136. doi: 10.1016/j.chemosphere.2020.129136

Sasaki, A., Yamaji, N., and Ma, J. F. (2014). Overexpression of OsHMA3 enhances
Cd tolerance and expression of Zn transporter genes in rice. J. Exp. Bot. 65,
6013-6021. doi: 10.1093/jxb/eru340

Sato-Nagasawa, N., Mori, M., Nakasawa, N., Kawamoto, T., Nagato, Y., Sakurai, K.,
et al. (2012). Mutation in rice (Oryza sativa) heavy metal ATPase 2 (OsMHA?2)
restricts translocation of zinc and cadmium. Plant Cell Physiol. 53, 213-224.
doi: 10.1093/pcp/perl66

Shukla, D., Kesari, R., Mishra, S., Dwivedi, S., Tripathi, R. D., Nath, P., et al. (2012).
Expression of phytochelatin synthase from aquatic macrophyte Ceratophyllum
demersum L. enhances cadmium and arsenic accumulation in tobacco. Plant
Cell Rep. 31, 1687-1699. doi: 10.1007/500299-012-1283-3

Shukla, D., Kesari, R., Tiwari, M., Dwedi, S., Tripathi, R. D., Nath, P., et al.
(2013). Expression of Ceratophyllum demersum phytochelatin synthase
CsPCS1, in Escherichi coli and Arabidopsis enhances heavy metal(oids)
accumulation.  Protoplasma 250, 1263-1272. doi: 10.1007/s00709-013-
0508-9

Speiser, D. M., Abrahamson, S. L., Banuelos, G., and Ow, D. W. (1992). Brassica
juncea produces a phytochelatin-cadmium-sulfide complex. Plant Physiol. 99,
817-821.

Steffens, J. C., Hunt, D. F., and Williams, B. G. (1986). Accumulation of non-
protein metal-binding polypeptides (gamma-glutamyl-cysteinyl)n-glycine in
selected cadmium-resistant tomato cells. J. Biol. Chem. 261, 13879-13882.

Takahashi, R., Bashir, K., Ishimaru, Y., Nishisawa, N. K., and Nakanishi, H. (2012).
The role of heavy-metal ATPases, HMAs, in zinc and cadmium transport in rice.
Plant Signal. Behav. 7, 1605-1607. doi: 10.4161/psb.22454

Verkleij, J. A. C., Koevoets, P., Van Riet, J., Bank, R., Mijdam, Y., and Ernst, V. H. O.
(1990). Poly(y—glutamylcysteinyl)glycines or phytochelatins and their role in
cadmium tolerance of Silene vulgaris. Plant Cell Environ. 13, 913-921.

Verret, F., Gravot, A., Auroy, P., Leonhardt, N., David, P., Nussaume, L., et al.
(2004). Overexpression of AtHMA4 enhance root-to-shoot translocation of
zinc and cadmium and plant metal tolerance. FEBS Lett. 576, 306-312. doi:
10.1016/j.febslet.2004.09.023

Vert, G., Barberon, M., Zelazny, E., Séguéla, M., Briat, J. F., and Curie, C.
(2009). Arabidopsis IRT2 cooperates with the high-affinity iron uptake system
to maintain iron homeostasis in root epidermal cells. Planta 229, 1171-1179.
doi: 10.1007/s00425-009-0904-8

Vert, G., Briat, J. F., and Curie, C. (2001). Arabidopsis IRT2 gene encodes a root-
periphery iron transporter. Plant J. 26, 181-189. doi: 10.1046/j.1365-313x.2001.
01018.x

Vert, G., Grotz, N., Dédaldéchamo, F., Gaymard, F., Guerinot, M. L., Briat, J. F.,
et al. (2002). IRT1, an Arabidopsis transporter essential for iron uptake from
the soil and for plant growth. Plant Cell 14, 1223-1233. doi: 10.1105/tpc.00
1388

Wong, C. K. E,, and Cobbett, C. S. (2009). HMA P-ATPases are the major
mechanism for root-to-shoot Cd translocation in Arabidopsis thaliana. New
Phytol. 181, 71-78. doi: 10.1111/.1469-8137.2008.02638.x

Wu, Y., Guo, Z., Zhang, W., Tan, Q., Zhang, L., Ge, X,, et al. (2016). Quantitative
relationship between cadmium uptake and the kinetics of phytochelatin
induction by cadmium in a marine diatom. Sci. Rep. 6, 1-10. doi: 10.1038/
srep35935

Xu, Y., Feng, L., Jeffrey, P. D., Shi, Y. G., and Morel, F. M. M. (2008). Structure and
metal exchange in the cadmium carbonic anhydrase of marine diatoms. Nature
452, 56-61. doi: 10.1038/nature06636

Yadav, S. K. (2010). Heavy metal toxicity in plants: an overview on the role of
glutathione and phytochelatins in heavy metal stress tolerance of plants. South
Afr. ]. Bot. 76, 167-179. doi: 10.1016/j.s2jb.2009.10.007

Yamazaki, S., Ueda, Y., Mukai, A., Ochiai, K., and Matoh, T. (2018). Rice
phytochelatin synthase OsPCS1 and OsPCS2 make different contributions to
cadmium and arsenic tolerance. Plant Direct 2:¢00034. doi: 10.1002/pld3.34

Yeh, C. M., Chien, P. S., and Huang, H. J. (2007). Distinct signalling pathways for
induction of MAPK activities by cadmium and copper in rice roots. J. Exp. Bot.
58, 659-671. doi: 10.1093/jxb/erl240

Zhao, F. Y., Hu, F,, Zhang, S. Y., Wang, K., Zhang, C. R,, and Liu, T. (2013).
MAPKs regulate root growth by influencing auxin signaling and cell cycle-
related gene expression in cadmium-stresses rice. Environ. Sci. Pollut. Res. Int.
20, 5449-5460. doi: 10.1007/s11356-013-1559-3

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 669096


https://doi.org/10.1023/A:1022903602365
https://doi.org/10.1016/j.phytochem.2010.01.005
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.plaphy.2011.10.007
https://doi.org/10.3390/plants9060681
https://doi.org/10.1016/j.plaphy.2018.11.019
https://doi.org/10.1021/j150579a011
https://doi.org/10.1016/j.jinorgbio.2012.08.020
https://doi.org/10.1016/j.jinorgbio.2012.08.020
https://doi.org/10.1111/j.1365-313x.2011.04789.x
https://doi.org/10.1111/j.1365-313x.2011.04789.x
https://doi.org/10.1111/j.1365-3040.2010.02169.x
https://doi.org/10.1111/j.1365-3040.2010.02169.x
https://doi.org/10.1016/j.chemosphere.2020.129136
https://doi.org/10.1093/jxb/eru340
https://doi.org/10.1093/pcp/pcr166
https://doi.org/10.1007/s00299-012-1283-3
https://doi.org/10.1007/s00709-013-0508-9
https://doi.org/10.1007/s00709-013-0508-9
https://doi.org/10.4161/psb.22454
https://doi.org/10.1016/j.febslet.2004.09.023
https://doi.org/10.1016/j.febslet.2004.09.023
https://doi.org/10.1007/s00425-009-0904-8
https://doi.org/10.1046/j.1365-313x.2001.01018.x
https://doi.org/10.1046/j.1365-313x.2001.01018.x
https://doi.org/10.1105/tpc.001388
https://doi.org/10.1105/tpc.001388
https://doi.org/10.1111/j.1469-8137.2008.02638.x
https://doi.org/10.1038/srep35935
https://doi.org/10.1038/srep35935
https://doi.org/10.1038/nature06636
https://doi.org/10.1016/j.sajb.2009.10.007
https://doi.org/10.1002/pld3.34
https://doi.org/10.1093/jxb/erl240
https://doi.org/10.1007/s11356-013-1559-3
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Gonzélez et al.

Cadmium-Induced Phytochelatins and Metallothioneins

Zhu, Y. L., Pilon-Smiths, E. A. H., Jouanin, L., and Terry, N. (1999). Overexpression
of gluthatione synthase in indian mustard enhances cadmium accumulation
and tolerance. Plant Physiol. 119, 73-79. doi: 10.1080/16226510490888811

Zimeri, A. M., Dhankher, O. M., M°Caig, B., and Meagher, R. B. (2005). The plant
MT1 metallothioneins are stabilized by binding cadmium and are required
for cadmium tolerance and accumulation. Plant Mol. Biol. 58, 839-855. doi:
10.1007/s11103-005-8268-3

Zuniga, A., Laporte, D., Gonzélez, A., Gémez, M., Saez, C. A., and Moenne,
A. (2020). Isolation and characterization of copper- and zinc-binding
metallothioneins from the marine alga Ulva compressa (Chlorophyta). Int. J.
Mol. Sci. 21:153. doi: 10.3390/ijms21010153

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 © 2021 Gonzdlez, Laporte and Moenne. 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

14

June 2021 | Volume 12 | Article 669096


https://doi.org/10.1080/16226510490888811
https://doi.org/10.1007/s11103-005-8268-3
https://doi.org/10.1007/s11103-005-8268-3
https://doi.org/10.3390/ijms21010153
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Cadmium Accumulation Involves Synthesis of Glutathione and Phytochelatins, and Activation of CDPK, CaMK, CBLPK, and MAPK Signaling Pathways in Ulva compressa
	Introduction
	Materials and Methods
	Algal and Seawater Sampling
	In vitro Cultures and Treatments With Cadmium and Inhibitors
	Detection of Intracellular Cadmium
	Detection of Hydrogen Peroxide, Superoxide Anions, and Lipoperoxides
	Preparation of Protein Extracts
	Detection of Antioxidant Enzyme Activities
	Preparation of Nonprotein Thiol Extracts
	Detection of Glutathione and Phytochelatins
	Detection of Ascorbate
	Extraction of Total RNA
	Quantification of Metallothionein Relative Transcript Levels
	Statistical Analyses

	Results
	Kinetics of Intracellular Cadmium Accumulation in Ulva compressa
	Oxidative Stress in Response to Cadmium Stress
	Activation of Antioxidant Enzymes in Response to Cadmium Stress
	Synthesis of Glutathione and Ascorbate in Response to Cadmium Stress
	Synthesis of PCs and Increase in Expression of UcMTs in Response to Cadmium Stress
	Involvement of Calcium-Dependent Protein Kinases, Calmodulin-Dependent Protein Kinases, Calcineurin B-Like Protein Kinases, and MAPKs in Cadmium Accumulation, in Glutathione and Phytochelatin Synthesis and in the Expression of Metallothioneins

	Discussion
	Kinetics of Intracellular Cadmium Accumulation in Ulva compressa
	Cadmium-Induced Oxidative Stress and Activation of Antioxidant Enzymes
	Cadmium-Induced Synthesis of Glutathione and Ascorbate
	Cadmium-Induced Synthesis of Phytochelatins and Increased Expression of Metallothionein
	Involvement of Calcium-Dependent Protein Kinases, Calmodulin-Dependent Protein Kinases, Calcineurin B-Like Protein Kinases, and MAPKs in Cadmium Accumulation, in the Increase in Glutathione and Phytochelatin Levels and Overexpression of Metallothionein

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


