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A B S T R A C T   

Cadmium is one of the most common heavy metals in contaminated aquatic environments and one of the most 
toxic contaminants for phytoplankton. Nevertheless, there are not enough studies focused on the effect of this 
metal in algae. Through a proteomic approach, this work shows how Cd can alter the growth, cell morphology 
and metabolism of the microalga Chlorella sorokiniana. Using the sequential window acquisition of all theoretical 
fragment ion spectra mass spectrometry (SWATH-MS), we concluded that exposure of Chlorella sorokiniana to 
250 μM Cd2+ for 40 h caused downregulation of different metabolic pathways, such as photosynthesis, oxidative 
phosphorylation, glycolysis, TCA cycle and ribosomal proteins biosynthesis. However, photorespiration, anti
oxidant enzymes, gluconeogenesis, starch catabolism, and biosynthesis of glutamate, cysteine, glycine and serine 
were upregulated, under the same conditions. Finally, exposure to Cd also led to changes in the metabolism of 
carotenoids and lipids. In addition, the high tolerance of Chlorella sorokiniana to Cd points to this microalga as a 
potential microorganism to be used in bioremediation processes.   

1. Introduction 

Heavy metals are one of the most toxic contaminants due to their 
persistence and harmful effects on human health and the environment, 
especially aquatic ecosystems. Increasing industrialization and anthro
pogenic activities are causing alterations in biogeochemical cycles, 
producing high amounts of heavy metals and high levels of pollution in 
soils and water (Alqadami et al., 2018). Heavy metal contamination 
comes mainly from industrial effluents, such as metallurgical or mining 
wastes, as well as from urban wastewaters (Ali et al., 2013). Different 
studies have focused on the removal of these compounds by chemical 
precipitation, membrane filtration, biotransformation or bioadsorption 
(Gao et al., 2018; Olguín and Sánchez-Galván, 2012; Ye et al., 2017). On 
the other hand, plants and microorganisms, including microalgae, have 
been used for the bioremediation of heavy metals, with varying degrees 
of success (Li et al., 2020). 

One of the most toxic heavy metals is cadmium, which has been 
shown to be a carcinogenic, mutagenic and endocrine-disrupting 
element (Tchounwou et al., 2012). Furthermore, Cd can cause lung 
damage, fragile bones or affect the regulation of calcium in biological 
systems (Dixit et al., 2015). In addition, it has been reported that Cd can 
be toxic to plants and microorganisms, reducing the photosynthetic 

activity and growth rate, causing oxidative stress and DNA damage, and 
interfering with cellular metabolism (Gutsch et al., 2018; Marchello 
et al., 2018). Furthermore, the accumulation of Cd in microalgae and 
other microorganisms, which are at the first steps of the trophic chain, 
can have a major impact on the ecosystems (Newton and McClary, 
2019). 

Chlorella sorokiniana (C. sorokiniana) is a robust microalga with the 
capacity to grow in a broad range of temperatures and environmental 
conditions, including industrial or urban wastewater (Izadpanah et al., 
2018; León-Vaz et al., 2019). Moreover, it has been reported that this 
microalga can tolerate high amounts of different heavy metals, such as 
Zn+2, Cu+2, Ni+2 or Cr+3 (Akhtar, 2004; Akhtar et al., 2008; Yoshida 
et al., 2006). In addition, physiological studies have shown that, in the 
presence of Cd, photosynthesis is inhibited and the respiration rate and 
synthesis of cysteine or glutamate are upregulated (Carfagna et al., 
2013). Nevertheless, there has been no full proteomic study about the 
different metabolic pathways when this microalga is cultivated with Cd. 
In this context, proteomics has emerged as a powerful tool for a better 
understanding of the metabolic responses, tolerance and detoxification 
mechanisms in microalgae under metal stress. Label-free proteomics, 
based on liquid chromatography and mass spectrometry analysis, pre
sents a wide range of advantages compared to 2D-electrophoretic 
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studies: a higher number of proteins can be simultaneously studied 
without the gel-to-gel variations of the electrophoretic technique, and it 
improves the quantitative analysis (Ahsan et al., 2009; Li et al., 2018; 
Wase et al., 2014). This technique has been widely used to compare the 
expression of proteins under different environmental stimuli, and their 
effects on different metabolic pathways in microorganisms or plants 
(Aroca et al., 2017; Singh et al., 2016). Furthermore, it has been pre
viously shown that the sequential window acquisition of all theoretical 
fragment ion spectra mass spectrometry (SWATH-MS) provides a more 
reproducible coverage of proteins than data-dependent analysis (DDA) 
MS (Krasny et al., 2018). To date, few studies have focused on micro
algae (Anand et al., 2017; Poirier et al., 2018). For that reason, in the 
present study, the full proteome of C. sorokiniana was obtained when the 
microalga was cultivated in the presence of 250 μM Cd and compared 
with the proteome of the microalga grown in standard conditions using 
the SWATH-MS technique. The differences observed will help to un
derstand the responses of C. sorokiniana to Cd exposure. The pathways 
that exhibited major differences are photosynthesis, photorespiration, 
oxidative phosphorylation, antioxidant system, C, N and S assimilation, 
amino acid biosynthesis, lipid and carotenoid metabolism and the sta
bility of ribosomes. 

2. Materials and methods 

2.1. Algal strain and standard culture conditions 

The C. sorokiniana 211-32 strain was obtained from the culture 
collection of the Institute of Plant Biochemistry and Photosynthesis 
(IBVF; Seville, Spain) and grown mixotrophically in liquid Tris-acetate- 
phosphate (TAP) medium (Harris, 2009), optimized for this microalga 
(León-Vaz et al., 2019). The microalgae were cultured at 27 ◦C under 
agitation at 150 rpm and continuous white light irradiation at 150 μE 
m− 2 s− 1. Light intensity was measured by a Delta OHM quantum photo 
radiometer HD 9021, equipped with an LP 9021 PAR sensor (Delta 
OHM, Italy). Pre-inocula were incubated for 3 d before the experiments 
and inoculated into the medium to obtain an initial concentration of 1.2 
± 0.2 g L− 1 dry weight (DW). The addition of cadmium, as CdCl2, was 
done before sterilization to a concentration of 250 μM. After the addi
tion, the pH was adjusted to 6.7-7. 

2.2. Analytical determinations 

For DW determination, 5 mL samples of culture were filtered through 
pre-tared Whatman GF/F filter paper (Whatman International Ltd, 
Maidstone, UK), and the filters were oven-dried overnight at 90 ◦C, 
cooled in a desiccator and weighed in an analytical balance. The DW was 
obtained as the difference between the initial and final weight. 

For microscopy images, after 40 h of cellular growth, 0.1 mL of 
culture medium was collected prior to fluorescence microscopy (Leica 
DM6000B, Germany). Pictures were taken in differential interference 
contrast (DIC) with the fluorescence cube TX2 (Ex 560/40 nm; Dicroico 
595 nm; Em 645/75 nm). 

Cd content in the different samples of C. sorokiniana was determined 
using an Agilent 7700 (Agilent Technologies, Santa Clara, CA, USA) 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Cultures were 
harvested by centrifugation at 5000×g during 5 min, and pellets were 
lyophilized for 24 h. Thereafter, 0.05 g of dry cells were digested with 1 
mL of HNO3 and 1.5 mL of H2O2 in two heat steps in a microwave for 2 
min and 350 W and, finally, diluted in Milli-Q water. The standard so
lution was Multi-element Calibration Standard 2 A from Agilent Tech
nologies (Agilent Technologies, Santa Clara, CA, USA). An external 
calibration with this multi-element standard was done with concentra
tions between 1 and 1000 ppb using Sc, Ge, Rh and Tb as internal patron. 

2.3. Algal crude extract preparation 

C. sorokiniana cells were harvested by centrifugation at the middle of 
the exponential phase of growth (40 h) and washed three times with 
Milli-Q water. The cells were resuspended in 50 mM Tris-HCl pH 8.0 
buffer at approximately 1 mL of buffer per g of fresh weight, and dis
rupted by sonication at 4 ◦C (80 W for 10 cycles of 15 s). The cell debris 
was centrifuged twice at 14000×g for 20 min. The supernatant obtained 
was used as the crude extract source. Finally, 0.5 mg of proteins were 
precipitated using the TRIzol method (Jaipal Reddy et al., 2013) for 
subsequent SWATH-MS analysis. 

2.4. Protein relative quantitation by SWATH-MS acquisition and analysis 

Protein samples from C. sorokiniana 211–32 were alkylated and 
trypsin-digested as previously described (Vowinckel et al., 2013; García 
et al., 2019), and SWATH-MS analyses were performed at the Proteomic 
Facility of the Institute of Plant Biochemistry and Photosynthesis, Sev
ille, Spain. 

A data-dependent acquisition (DDA) approach using nano-LC-MS/ 
MS was first performed to generate the SWATH-MS spectral library as 
described by García et al. (2019). To build the spectral library, the 
peptide solutions were separated into a nano-LC system (Eksigent, CA, 
USA) using an Acclaim PepMap C18 column (75 μm Å~25 cm, 3 μm, 
100 Å) (Thermo Fisher Scientific). As the peptide eluted, they were 
injected into a hybrid quadrupole-TOF mass spectrometer TripleTOF 
5600+ (Sciex, CA, USA) through a nanospray III ESI source (Sciex) as 
interface between the nanoLC and the mass spectrometer. 

The peptide and protein identifications were performed using Pro
tein Pilot software (version 5.0.1, SCIEX) with the Paragon algorithm. 
The search was conducted against the Uni
protproteome_Chlorellasorokinianaprotein database (January 2019), 
specifying iodoacetamide with other possible Cys modifications. The 
false discovery rate (FDR) was set to 0.01 for both peptides and proteins. 
The MS/MS spectra of the identified peptides were then used to generate 
the spectral library for SWATH peak extraction using the add-in for 
PeakView Software (version 2.1, SCIEX) MS/MSALL with SWATH 
Acquisition MicroApp (version 2.0, SCIEX). Peptides with a confidence 
score above 99% (as obtained from the Protein Pilot database search) 
were included in the spectral library. 

For relative quantitation using SWATH analysis, the same samples 
used to generate the spectral library were analysed using a data- 
independent acquisition (DIA) method. Each sample (2 μL) was ana
lysed using the LC-MS equipment and LC gradient described above to 
build the spectral library but instead used the SWATH-MS acquisition 
method. The method consisted of repeating an acquisition cycle of 34 
TOF MS/MS scans (230–1500 m/z, 100 ms acquisition time) of over
lapping sequential precursor isolation windows of 25 m/z width (1 m/z 
overlap) covering the 400–1250 m/z mass range with a previous TOF 
MS scan (400–1250 m/z, 50 ms acquisition time) for each cycle. The 
total cycle time was 3.5 s. 

The targeted data extraction of the fragment ion chromatogram 
traces from the SWATH runs was performed by PeakView (version 2.1) 
with MS/MSALL with SWATH Acquisition MicroApp (version 2.0). This 
application processed the data using the spectral library created from 
the shotgun data. Up to 10 peptides per protein and 7 fragments per 
peptide were selected based on the signal intensity. Any shared and 
modified peptides were excluded from the processing. Windows of 12 
min and 20 mg kg− 1 width were used to extract the ion chromatograms. 
SWATH quantitation was attempted for all proteins in the ion library 
that were identified by Protein Pilot with an FDR below 1%. The 
extracted ion chromatograms were then generated for each selected 
fragment ion. The peak areas for the peptides were obtained by summing 
the peak areas from the corresponding fragment ions. PeakView 
computed an FDR and a score for each assigned peptide according to the 
chromatographic and spectral components. Only peptides with an FDR 
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below 5% were used for protein quantitation. Protein quantitation was 
calculated by adding the peak areas of the corresponding peptides. To 
test for differential protein abundance between the two groups, Mar
kerView (version 1.2.1, SCIEX) was used for signal normalization. 

The mass spectrometry proteomics data have been deposited in the 
ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) 
partner repository with identifier PXD015932. 

3. Results and discussion 

3.1. Effect of long-term cadmium exposure on C. sorokiniana growth and 
morphology 

C. sorokiniana was grown in TAP culture medium with increasing 
concentrations of Cd, ranging from 100 to 250 μM. An untreated culture 
(Control) was also included (Fig. 1A). During the first 24 h, the growth 
rate was quite similar in all the Cd concentrations tested. Nevertheless, 
longer exposure times at a Cd concentration of 250 μM caused a sig
nificant inhibition of the growth rate. Thus, for the following experi
ments, untreated and 250 μM Cd-treated cultures at the middle of the 
exponential phase (40 h), where there is no limitation of any nutrient, 
were used to identify the changes that Cd induces in different metabolic 
pathways and in the morphology of the microalga. At this time, the 
intracellular Cd concentration calculated by ICP-MS were 2.93 ± 0.06 g 
Cd ⋅ kg DW− 1, which shows the bioaccumulation capacity of 
C. sorokiniana. Furthermore, the concentration of Cd in culture medium 
decreased from 250 ± 7 μM to 145 ± 27 μM, demonstrating that 
approximately 40% of the Cd in the culture medium was removed at 40 
h of Cd exposure. 

The morphological differences between C. sorokiniana cells cultured 
in the presence and absence of Cd were analysed by microscopy studies. 
As shown in Fig. 1B and C, the presence of Cd produced important 
morphological changes in the microalga. The size and number of vac
uoles (Fig. 1C) were considerably higher in Cd-treated cells than in 
untreated cells, possibly due to the accumulation of this heavy metal. It 
has been previously reported that the cadmium detoxification mecha
nisms in plants and microalgae involve transport of the cations to the 
vacuole, mediated by phytochelatins (Cobbet, 2000). On the other hand, 
fluorescence microscopic analysis (Fig. 1D and E) showed that the 
fluorescence of chlorophylls was much higher when the cells were 
cultured without Cd than with Cd (Fig. 1D), in agreement with the 
growth results shown in Fig. 1A. Similar results were reported by Car
fagna et al. (2013), who showed that C. sorokiniana cultured with Cd also 
exhibited lower photosynthetic activity. All these data suggest that a 
deeper study is necessary to understand the behaviour of C. sorokiniana 

cells during long-term Cd exposure. 

3.2. Proteome alterations in C. sorokiniana due to cadmium exposure 

To thoroughly investigate the effect that cadmium provokes on the 
metabolism and cellular physiology of C. sorokiniana and decipher the 
mechanism of response to this heavy metal, we characterized the protein 
composition and the relative abundance of most of the microalgal pro
teins by using SWATH-MS technology. 

Protein samples were obtained from C. sorokiniana cultures lysed by 
sonication and precipitated using the TRIzol method as described in 
section 2.3. Extracted proteins from three biological replicates of un
treated and 250 μM Cd-treated cultures were digested, and the peptide 
solutions were analysed by a shotgun-DDA approach to generate the 
spectral library. After integrating the six datasets, a total of 13,193 
peptides (1% FDR and 96% confidence) and 1776 unique proteins (1% 
FDR) were identified (Supplemental Dataset 1). For their quantification, 
the same six biological samples were analysed twice (technical replicas) 
by a data-independent acquisition (DIA) method using the LC gradient 
and LC-MS equipment described to generate the spectral library but 
instead using the SWATH acquisition method described in section 2.4. 
Therefore, for quantitation, six datasets from untreated and Cd treated 
cultures were generated and used for the analysis. The fragment spectra 
were extracted for the twelve runs, and 30,635 ion transitions, 4386 
peptides, and 1432 proteins were quantified (Supplemental Dataset 2). 
A total of 779 of the 1432 proteins quantified had significantly different 
abundances (p value < 0.05) (Fig. 2A; Table S1). Of these proteins, 218 
were more abundant in untreated cultures, exhibiting a fold change 
>1.5, and 255 were more abundant in Cd-treated cultures, with a fold 
change <0.66. In addition, 317 proteins were only identified in the 
control cultures and were below the detection limit in Cd treated cul
tures (Table S2), and 412 were only identified in the Cd-treated cultures 
(Table S3). 

The 667 proteins that were present or were more abundant in Cd 
treated cultures were classified by GO according to the UniProt database 
(Pundir et al., 2016). GO classification in the biological process indi
cated that 172 proteins fell into the metabolic process classification and 
194 into cellular processes including response to stress and DNA damage 
stimulus (Fig. 2B). The molecular function classification showed that 
309 proteins had catalytic activities (Fig. 2C). Analysis of these sets of 
proteins in KEGG pathway mapping also showed that most of the pro
teins, 136, were involved in metabolic pathways, mainly in secondary 
metabolite and amino acid biosynthesis. 

An overrepresentation test performed with the PANTHER Classifi
cation System showed a 66% enrichment in proteins involved in double- 

Fig. 1. Physiological effect of Cd in C. sorokiniana. (A) Growth curve in the presence of increasing concentrations of Cd. (B–E) Morphological and fluorescence 
alterations of C. sorokiniana cells in the absence (B and D), or presence (C and E) of 250 μM Cd in the culture after 40 h of exposure. 
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Fig. 2. Venn diagram with the number of proteins identified in untreated and 250 μM Cd-treated C. sorokiniana (A) and functional classification of gene ontology 
(GO) of the proteins that were only present or more abundant in Cd treated cultures categorized by B) Biological processes C) Molecular functions. Of the 1432 
proteins quantified in both cultures as described in Material and Methods, 218 were downregulated in Cd cultures (red arrow), 255 were upregulated (green arrow) 
and 959 did not show significant changes (=). The rest of protein were only identified in untreated or Cd-treated cultures. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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strand break repair and glutaminyl-tRNAGln biosynthesis such as 
RAD51 HOMOLOG 1 and 3 (Table S4) (Mi et al., 2017). A subset of 
proteins involved in Photosystem I assembly also showed a 44% 
enrichment such as the YCF3-Interacting protein CGL59 orthologue and 
the protein TAB2 homolog. 

Finally, to determine the functional relevance of the effect of Cd on 
the physiology of C. sorokiniana, we used the STRING database v10.5 
(Szklarczyk et al., 2015) to analyse the protein-protein interaction 
network of the protein set that was only present or more abundant in 
Cd-treated cultures to determine the functional association of those 
proteins. Using high confidence (interaction score 0.700), a total of 364 
protein-protein interactions were observed, and they were significantly 
enriched (p-value < 0.0362) based on the given protein nodes (Fig. 3). 
At least three protein clusters that are biologically connected were 
clearly distinguished after analysis. The first cluster contains a subgroup 
of proteins involved in metabolic pathways and carbon metabolism (red 
nodes) linked to a second cluster of the spliceosome and RNA binding 
(green nodes). The third cluster (blue nodes) comprises a subgroup of 

ribosomal proteins and predicted proteins of unknown function. 

3.3. Cadmium induces proteomic changes in photosynthesis and 
photorespiration pathways 

One of the most important processes in green microalgae is photo
synthesis, which has been described as very susceptible to inhibition by 
heavy metals (Azhar et al., 2019; Shanker et al., 2005). As a conse
quence, it is important to study how Cd exposure affects this process. 
Quantitative proteomic profiling in both Cd-treated and untreated 
C. sorokiniana cells revealed that most of the proteins related to photo
synthesis were downregulated in the presence of Cd (Fig. 4A, Table 1). 
This group included ferredoxin (11.7-fold), ferredoxin NADP reductase 
(1.8-fold), subunits III, VI and XI of the photosystem I reaction center 
(3.2, 2.0- and 4.2-fold, respectively), whereas a slight upregulation of 
photosystem II oxygen-evolving enhancer protein 2 (1.6-fold) was 
observed. Additionally, five antenna proteins were downregulated in Cd 
cultures, two of them in photosystem I and the other three in 

Fig. 3. Protein-protein interaction network of the proteins only present or more abundant in Cd-treated cultures. Round nodes represent proteins, and line edges 
represent interactions. Dashed lines represent inter-cluster edges. Node modules indicated in red, blue and green colours were identified by k-means clustering. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Effect of Cd on the photosynthesis, photorespiration and oxidative phosphorylation pathways in C. sorokiniana. Diagrams of the photosynthesis (A), 
photorespiration (B) and oxidative phosphorylation (C) pathways are shown, where the upregulated proteins in Cd cultures are represented with green arrows and 
downregulated proteins with red arrows. The Protein Data Bank (PDB) archives of the 3D structures represented are: 1W5C for photosystem II (PSII), 1Q90 for the 
cytochrome b6f complex (Cyt b6f), 6JO5 for photosystem I (PSI), 2PLT for plastocyanin (Pc), 4ITK for ferredoxin (Fd), 3VO1 for ferredoxin-NADP reductase (FNR) 
and 5Y5Z for ATPase in photosynthesis, and 5LDW for complex I (CI), 4PED for coenzyme Q (CoQ), 1NEN for complex II (CII), 1PPJ for complex III (CIII), 3ZCF for 
cytochrome c (Cytc), 5B1B for complex IV (CIV) and 2XND for complex V (CV) in oxidative phosphorylation. Photorespiration proteins indicated are: ribulose 
biphosphate carboxylase/oxygenase (Rubisco), phosphoglycerate phosphatase (PGP), glycolate oxidase (GO), alanine-glyoxylate aminotransferase (AGT), serine 
hydroxymethyltransferase (SHMT), glycine decarboxylase (GDC), serine-glyoxylate aminotransferase (SGT), glycerate dehydrogenase (GyDH), and glycerate kinase 
(GK). Accession numbers and fold changes of significant proteins are also showed. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Table 1 
List of differentially expressed proteins between Cd-treated and untreated cultures categorized by 
metabolic pathway and described in the text. Red boxes indicate downregulated proteins; green boxes indicate 
upregulated proteins; and blue boxes indicate proteins only detected in Cd cultures. 
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photosystem II. These results show a general downregulation in photo
synthesis, and the inhibition of chlorophyll production, which is 
consistent with the information obtained from fluorescence microscopy 
(Fig. 1D and E). The microscopic images showed that C. sorokiniana cells 
cultured in the presence of Cd had lower red fluorescence due to the 
lower chlorophyll content, and consequently, they should have lower 
photosynthetic activity. Additionally, these results were in agreement 
with previous physiological reports on different plants and microalgae 
(Ma et al., 2018), which show that the photosynthetic system is affected 
by this heavy metal. 

Moreover, the photorespiration pathway, which involves the 
oxygenation of ribulose 1,5-biphosphate by Rubisco, was upregulated in 
the presence of Cd. Although photorespiration consumes ATP and 
reducing equivalents, it has been proposed as an adaptation mechanism 
that plants usually adopt under photoinhibition conditions when the 
photosynthetic electron transport chain is diminished. Moreover, this 
process provides other metabolites such as glycine, which is essential in 
glutathione (GSH) and phytochelatin (PC) synthesis during metallic 
stress (D’Alessandro et al., 2013). In this proteomic study, most proteins 
related to photorespiration were upregulated when C. sorokiniana was 
cultured in the presence of Cd. Fig. 4B and Table 1 show that Rubisco 
(2.1-fold), phosphoglycerate phosphatase (2.1-fold), alanine-glyoxylate 
aminotransferase (2.2-fold), serine hydroxymethyltransferase (1.5-fold) 
and serine-glyoxylate aminotransferase (2.0-fold) were significantly 
upregulated. These data are in accordance with previous physiological 
results obtained when C. sorokiniana was cultivated in the presence of 
moderate amounts of Cd (Carfagna et al., 2013) and with previous 
proteomics results obtained in Skeletonema dohrnii (Thangaraj et al., 
2019). 

3.4. Responses of cellular respiration to cadmium treatment 

Exposure of C. sorokiniana to cadmium caused a general down
regulation of the main respiratory chain components (Fig. 4C, Table 1), 
with complexes I, II and III being some the most affected (1.7-, 1.6- and 
4.3-fold, respectively). Nevertheless, complex V (ATP synthase) was not 
affected by long-term exposure to Cd. It is interesting to note that this 
downregulation was related to the upregulation of photorespiration 
(Fig. 4B), which was strongly induced in the presence of this heavy 
metal; because both processes have to compete for the available O2 in 

cells. Furthermore, it has been reported that this competition could 
produce hypoxia in mitochondria, which reduces respiratory activity 
(Gupta et al., 2009). Finally, there was also a downregulation of subunit 
6 b of complex IV (Cytochrome c oxidase; 5.6-fold). This alteration in 
complex IV together with the downregulation of complex III (Cyto
chrome bc1 complex) could cause the accumulation of reactive oxygen 
species (ROS), as has been described in the microalga Thalasiossira 
pseudonana, where the induction of different antioxidant mechanisms 
due to the alteration of normal cell homeostasis has been observed (Lin 
et al., 2017). 

3.5. Cadmium provokes oxidative stress and alterations in antioxidant 
defences 

To mitigate the toxic effect of ROS, plant cells have developed 
different mechanisms to regulate the amount of these compounds that 
they produce. The initial response to oxidative stress is related to 
changes in the glutathione-ascorbate cycle and catalase activity, which 
are responsible for the degradation of H2O2. Moreover, a non-enzymatic 
response to heavy metals, including reduced glutathione or phytoche
latins synthesis, is developed (Gill and Tuteja, 2010). We found that the 
production of GSH is enhanced through the upregulation of the enzymes 
lactoglutathione chloroplastic, lactoylglutathione lyase, hydrox
yacylglutathione hydrolase and glutathione synthetase, which increased 
2.0-, 1.5-, 2.1- and 2.1-fold, respectively (Table 1). Additionally, gluta
thione peroxidase, glutathione reductase and glutathione S transferase 
were slightly upregulated in Cd cultures (1.2-, 1.3- and 1.1-fold, 
respectively). Moreover, in the glutathione-ascorbate cycle, the en
zymes L-ascorbate peroxidase and monodehydroascorbate reductase 
were upregulated (1.8- and 1.5-fold, respectively). Finally, the only 
catalase detected followed the tendency of the other antioxidant pro
teins (1.7-fold). These results are in agreement with previous physio
logical and proteomics studies, where the antioxidant system is 
upregulated when different heavy metals are present in the environment 
of microalgae and plants (Ismaiel and Said, 2018; Du et al., 2018; Rihab 
et al., 2016). 

Another antioxidant strategy in green microalgae and plants is the 
repair of damaged proteins. As part of this response, cells induce the 
synthesis of a group of proteins called heat shock proteins (HSPs), which 
function as chaperones to maintain cellular homeostasis (Hasan et al., 
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2017). These proteins are able to promote cellular redox homeostasis 
through stimulating antioxidant systems and to prevent protein aggre
gation under stress conditions. In addition, most HSPs are strongly 
inducible and some are constitutively expressed under environmental 
stress conditions (Mu et al., 2013). Most of the HSPs detected in the 
C. sorokiniana proteome were upregulated in Cd cultures, and some of 
them were only detected under these conditions (Tables 1, S1 and S3). 
This result correlates with the data of Sewelam et al. (2019), who re
ported that the expression of HSPs in Arabidopsis thaliana under 
non-stress conditions is very low. 

Although the induction of the glutathione-ascorbate cycle and 
increased HSPs expression are the first responses to ROS, there are 
additional protective mechanisms usually employed to combat the 
oxidative stress. Consequently, other metabolic pathways, including 
nutrient assimilation, will be altered, being their study very important. 

3.6. Effect of cadmium on carbon assimilation and metabolism 

The main carbon source when C. sorokiniana is cultured in TAP 
medium is acetate, which is assimilated and converted to acetyl-CoA by 
acetyl-CoA synthetase (ACS). In the chlorophyte Chlamydomonas rein
hardtii, expression of the gene encoding ACS has been reported to be 
induced when the concentration of the carbon source increases (Rengel 
et al., 2018). 

In this study, the culture medium had a concentration of 100 mM 
acetate, which is in excess of the carbon needs of the microalga 
(León-Vaz et al., 2019). However, ACS was downregulated (2.2-fold) in 
the presence of Cd (Fig. 5, Table 1), causing a limitation in the carbon 
supply via acetate. As a result, microalgae should use an alternative 
carbon source. Accordingly, phosphoenolpyruvate carboxykinase, the 
enzyme that catalyses the transformation from oxaloacetate to phos
phoenolpyruvate, was slightly upregulated (1.3-fold). This observation 
is in accordance with a possible activation of gluconeogenesis to supply 
glucose as a carbon source. Moreover, there was an upregulation of the 
first steps of glycolysis in the presence of Cd, but without statistically 
significant differences (Fig. 5, Table 1). Only phosphofructokinase and 
pyruvate dehydrogenase exhibited a significant upregulation (1.5- and 
1.7-fold) in Cd cultures, whereas the downregulated expression of 
glyceraldehyde 3-phosphate dehydrogenase without statistically sig
nificant differences (1.4-fold) was observed. On the other hand, α-1, 
4-glucanphosphorylase (2.3-fold), α-amylase (1.7-fold), and 
4-α-glucanotransferase (1.5-fold) involved in starch catabolism to pro
duce glucose were upregulated by Cd stress. This effect can be explained 
as an adaptation mechanism, because the intracellular glucose stores 
and the glucose produced by gluconeogenesis are the more efficient 
sources of carbon during Cd stress conditions when the microalga is 
cultivated with acetate as a carbon source. 

Finally, a slight downregulation in the tricarboxylic acid (TCA) cycle 
was observed when C. sorokiniana was cultured under stress conditions 
(Fig. 5, Table 1). Significant differences existed in the expression of 
citrate synthase (1.9-fold), fumarase (1.6-fold) and succinate dehydro
genase (2.3 and 1.7-fold). These results show that the TCA cycle does not 
present important alterations when C. sorokiniana is cultured with Cd, in 
agreement with recent studies in plants or clams (He et al., 2019; Ji 
et al., 2019). This unaltered effect may occur in order to maintain the 
supply of reducing power during Cd exposure. Furthermore, under these 
conditions, some subunits of pyruvate dehydrogenase were also upre
gulated, which supports this postulate. In addition, the slight upregu
lation of carbohydrate metabolism in Cd cultures has been reported 
previously in Brassica parachinensis (Zhou et al., 2019). 

3.7. Cadmium causes changes in nitrogen and sulphur assimilation and 
metabolism 

C. sorokiniana was cultured using ammonium as nitrogen source. 
This N-source is preferred for microalgae and can be assimilated through 

the glutamine synthetase/glutamate synthase (GS/GOGAT) cycle, as 
well as through the alternative pathway of the amination of 2-oxogluta
rate catalysed by NAD(P) glutamate dehydrogenase (GDH) (Vega, 
2019). In this proteomic study, upregulation of glutamate biosynthesis 
produced by Cd was observed, mainly in the case of GOGAT (3.1-fold) 
and slightly in the case of GS (1.3-fold) (Fig. 5; Table 1). Alternatively, 
the production of glutamate was also slightly upregulated via GDH 
(1.1-fold). This upregulation of GDH detected agrees with previous 
studies, which described an increase in GDH activity levels during 
different abiotic stresses, such as Cd treatment, high salinity, high light 
and the presence of ammonium in Chlamydomonas reinhardtii (Domí
nguez et al., 2003). Moreover, GDH plays a central role in the 
re-assimilation of ammonia produced by photorespiration (Miflin and 
Habash, 2002) which, together with the upregulation of the photores
piration pathway observed (Fig. 4B), supports the upregulation of GDH 
described in this study. 

On the other hand, sulphur is another essential macronutrient for 
microalgae. We observed that the S assimilation pathway was also 
mainly upregulated (Fig. 5, Table 1) by Cd stress. Sulphite reductase 
(2.3-fold), which catalyses the reduction of sulphite to sulphur, and O- 
acetylserine (thiol)lyase (OASTL; cysteine synthase) (1.5-fold), which is 
involved in the biosynthesis of cysteine, were upregulated by Cd, while 
enzymes involved in the reduction of sulphate to sulphite did not present 
significant differences. It was shown that the presence of Cd in culture 
medium can increase the sulphate uptake rate in Chlamydomonas rein
hardtii by 40% (Vega et al., 2006). In addition, an increase in the amount 
of cysteine and glutamate required for the synthesis of phytochelatins 
(PCs) induced by Cd stress, has been reported (Morelli and Scarano, 
2004). All these previous data support the upregulation observed in N 
and S metabolism under Cd stress. 

3.8. Cadmium produces alterations in the synthesis of amino acids 

Alterations in N and S metabolism could influence the production of 
different amino acids (AAs). Thus, it would be interesting to study those 
whose synthesis is up- or downregulated when C. sorokiniana is cultured 
in the presence of Cd. The results showed, as was previously mentioned, 
an upregulation by Cd of enzymes involved in glutamate and cysteine 
synthesis (Table 1). In addition, the production of glycine and serine was 
altered when C. sorokiniana was under Cd stress. Serine hydrox
ymethyltransferase (1.8-, 1.5- fold), alanine aminotransferase (1.6-fold) 
and alanine-glyoxylate aminotransferase (2.2-fold), which contribute to 
glycine production, were upregulated. Glycine, together with glutamate 
and cysteine, is required for GSH and PC synthesis, as a response to Cd 
stress (Cobbett, 2000). On the other hand, phosphoserine phosphatase 
and serine/threonine phosphatase were also upregulated (1.8- and 2.5- 
fold, respectively). These enzymes are involved in the production of 
serine, which is needed for the synthesis of cysteine and glycine, and 
supports glutathione synthesis (Zhou et al., 2017). In addition, recent 
transcriptomics studies have reported the upregulation and crucial role 
of serine/threonine phosphatase in microalgae under oxidative stress 
(Zhang et al., 2018). 

The production of glutamate was also upregulated via aspartate to 
glutamate and proline to glutamate. The first process is catalysed by 
aspartate aminotransferase, which showed a higher level in Cd cultures 
than in those without Cd (2.3-fold). In the second process, the involved 
enzymes were also upregulated, such as pyrroline-5-carboxylate 
reductase (1.7-fold) and two aldehyde dehydrogenases (3.8 and 2.4- 
fold). These data, together with the upregulated enzymes studied in 
section 3.7 for the synthesis of glutamate and cysteine, suggest the 
crucial role of PCs during Cd stress, which are responsible of trans
porting Cd2+ to vacuoles as a detoxification mechanism (Gill and Tuteja, 
2010). 
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3.9. Effect of cadmium on ribosomal proteins 

Ribosomes play a central role in protein metabolism. In this work, 30 
proteins related to ribosomes were found to be downregulated in Cd 
cultures (Fig. 3, Table. S1), while 9 of them, fundamentally in the large 
subunit, were upregulated (Table. S1). These variations in the expres
sion of ribosomal proteins could produce a decrease in the concentration 
of proteins in C. sorokiniana under stress conditions, which is in agree
ment with the lower protein content obtained in crude extracts prepared 
from Cd cultures (data not shown). Moreover, recent transcriptomics 
studies in plants and green microalgae have also shown the down
regulation of ribosome proteins, when they are cultured with Cd (Zhu 
et al. 2018, 2019), although these studies do not differentiate between 
large and small subunits. 

3.10. Other changes induced by cadmium 

There are other metabolic pathways that are very susceptible to 
regulation in abiotic stress, such as the biosynthesis of lipids and ca
rotenoids (Couso et al., 2012; Rengel et al., 2018). In this proteomic 
study, a remarkable upregulation of the plastid acyl-ACP desaturase 
(5.6-fold), which participates in the synthesis of polyunsaturated fatty 
acids, was observed during Cd stress (Table 1). However, there was a 
general downregulation of glycerolipid biosynthesis under these con
ditions (Table. S1, S2). This response is in agreement with the 
morphology of the C. sorokiniana cells under Cd treatment (Fig. 1C and 
E). The downregulation of these proteins could be the cause of alter
ations in the structures of membrane cells, as has been reported in 
Euglena gracilis (Einicker-Lamas et al., 1996) during Cd-exposure stress. 

On the other hand, the proteomic study did not reveal much infor
mation about the enzymes of the carotenogenic pathway, with zeax
anthin epoxidase (ZEP) and zeta-carotene desaturase (ZDS) showing the 
most important differences. The downregulation of ZEP (1.7-fold), an 
enzyme that catalyses the conversion of zeaxanthin to violaxanthin, 
could induce the accumulation of zeaxanthin, which is a typical 
response to oxidative stress in microalgae (Varela et al., 2015). Using 
protein synthesis inhibitors, we have previously observed in Chlamy
domonas reinhardtii, that the biosynthesis of zeaxanthin is upregulated 
by stressing conditions, such as high irradiance and nitrogen starvation 
(Couso et al., 2012). Interestingly, the present study did not reveal the 
induction by Cd of violaxanthin de-epoxidase, the reverse enzyme of the 
xanthophyll cycle. ZDS, also downregulated by Cd stress (2.5-fold), is 
involved in the desaturation of phytoene, which is subjected to the 
sequential action of phytoene (PDS) and ZDS, producing all-trans lyco
pene. ZDS and PDS share a common reaction mechanism: both have 
plastoquinone (PQ) as the hydrogen acceptor, connecting this pathway 
with the photosynthetic electron transport chain (Grossman et al., 
2004). In the presence of Cd, the downregulation of photosynthesis 
(Fig. 4A) might exceed the rate of oxidation of plastoquinol to regen
erate PQ, causing a low availability of oxidized PQ and, consequently, a 
downregulation of this enzyme. Similar results in transcriptome analysis 
were reported in Euglena gracilis under stress conditions (Kato et al., 
2019). 

4. Conclusions 

The results reported in this work reveal that the microalga 
C. sorokiniana is highly tolerant to Cd. Nevertheless, this heavy metal 
causes important alterations in the morphology and protein composition 
of microalgae. This study reveals that Cd provokes an increase in the 
number and size of vacuoles. Moreover, the proteomic study shows a 
downregulation in certain processes, such as photosynthesis and 
oxidative phosphorylation, which are essential for the production of 
ATP, and an upregulation of photorespiration. The main supply of car
bon under Cd stress may come from starch degradation and gluconeo
genesis, while N and S assimilation are upregulated in order to produce 
glutamate and cysteine, which are necessary for chelation of Cd. There is 
also an upregulation of antioxidant enzymes and HSPs by Cd. Finally, 
this study demonstrates that the synthesis of AAs and ribosomal function 
are highly altered, causing a decrease in the amount of total protein in 
Cd cultures. However, the microalga can survive at 250 μM of this heavy 
metal due to the profound adaptation of its physiology that occurs, 
which makes C. sorokiniana a potential microorganism for the devel
opment of bioremediation processes. 
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