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Trace elements stress is one of the most damaging abiotic stresses in environment. Nevertheless, the defense mechanism in microalgae remains poorly understood. In this study, physiological and molecular methods were performed to analyze the defense responses in green alga Chlamydomonas reinhardtii. It was speculated that the defense responses might mainly be due to the regulation of hormone signaling, indicating its potential role in alleviating the Pb toxicity besides other physiological and molecular defense responses like decrease in growth rate, chlorophyll content and photosynthesis efficiency, intensification of antioxidative mechanisms, regulation of transcription factors, trace elements chelation, and sequestration into vacuole via trace elements transporters. The sole differentially expressed ATP-binding cassette (ABC) transporters indicated that ABC transporters might play a very important role in the transport and relocation of Pb in C. reinhardtii. Additionally, our data provide the required knowledge for future investigations regarding Pb toxicity and defense mechanisms in algae, and detection of trace elements pollution in environment.
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INTRODUCTION

Trace elements pollution has attracted the global attentions due to their adverse effects, particularly the developing world which has witnessed rapid development of industry, and opted for modern agricultural technologies (Kavamura and Esposito, 2011; Miransari, 2011; Singh et al., 2016). Trace elements are classified into two different categories, (i) essential trace elements with a known physiological function, such as Cu, Zn, Fe, Mn, Mo, Ni, and Co, and (ii) non-essential trace elements without a known physiological function, such as Hg, Cr, Al, and Pb, etc. (Singh et al., 2016; Du et al., 2018). Suitable amount of these essential trace elements play number of important roles in physiological and biochemical processes of living organisms such as the biosynthesis of pigments, the efficiency of photosynthesis, the growth and development, the synthesis of DNA and other metabolites, and the modification of proteins (Jalmi et al., 2018). However, excess amount of essential trace elements or very low concentrations of non-essential trace elements can cause lethal toxicity to the living organisms (Hayat et al., 2012; Gill et al., 2013; Jalmi et al., 2018). It have been demonstrated that non-essential trace elements inhibit the growth of plants, lead to oxidative stress by the accumulation of reactive oxygen species at the cellular level, and damage macromolecules such as lipids, proteins and nucleic acids in cells (Hall, 2002; Sharma and Dietz, 2009; Hossain and Komatsu, 2013). Cd was previously thought to be a non-essential trace element, but recently, it was reported that Cd could be a cofactor in metalloenzymes (e.g., carbonic anhydrases) and decided the activity of total metalloenzymes in algae (Jensen et al., 2020).

Among all non-essential trace elements, lead (Pb), is one of the most toxic trace elements affecting the environment and has become worldwide concerned including China. Zhuang et al. (2018) reported 29.60 mg/kg the average concentration of Pb in the sediment of northern Jiaozhou Bay and 221 mg/kg Pb in the Beijiang River of Pearl River Delta, China, which significantly higher than the standard limit (i.e., 30.2 mg/kg) proposed by C.C.M.E. (Canadian Council of Ministers of the Environment) (Canadian Water Quality Guidelines, 1999; Zhao et al., 2017). The high concentration of Pb have been proved to have adverse effects on plants, algae and animals. For example, high concentration of Pb resulted in oxidative stress, DNA damage, the inhibition of seed germination and the decrease in growth of algae (i.e., Chlamydomonas reinhardtii) and plants [i.e., radish (Raphanus sativus L.)] (Szivák et al., 2009; Wang et al., 2013). Our previous study of Pb stress in alga Gracilaria lemaneiformis demonstrated its significant decrease in the growth, photosynthesis, and expressional proteins (Du et al., 2018). Therefore, it is necessary to study Pb stress in model microalgae in-depth, in order to generate a predictable model to assess impact of trace element in general and Pb toxicity in particular in organisms.

Chlamydomonas reinhardtii, a unicellular green alga, is one of the most important model organisms for studies under different biotic and abiotic stresses. Previously, considerable efforts have been put forward for investigating the responses of C. reinhardtii under Pb stress, which mainly focused on the role of phytochelatin in Pb detoxification (Scheidegger et al., 2011a, b), its bioaccumulation and biosorption (Chen et al., 2010; Flouty and Estephane, 2012; Stewart et al., 2015) and its transportation within cells (Sánchez-Marín et al., 2014). However, little is known about the defense mechanism of C. reinhardtii and its responses to Pb stress, particularly at the molecular level, which includes hormone signaling and transcription regulation of genes. Therefore, we used C. reinhardtii, a freshwater model microalga, to further investigate the physiological and molecular responses of algae on exposure to Pb stress. By doing so, following key questions were addressed (i) What physiological responses C. reinhardtii demonstrated under lead stress? (ii) What genes were regulated (i.e., transcription regulation) when algae were exposed to Pb stress? In order to find the possible answer of question – (i), growth rate, pigment content, and the activity of antioxidant enzymes were measured at physiological level. While, next-generation sequencing technology was employed to characterize the transcription regulation of genes to answer question – (ii). Additionally, expression profiling of some differentially regulated genes was validated by qRT-PCR. This is first comprehensive study of physiological and molecular responses (e.g., hormone signaling, transcription factors, trace element chelators and transporters) to Pb stress in C. reinhardtii, and our findings provide solid and reliable foundation for further in-depth study of impact of Pb toxicity and its detoxification/sequestration in algae and in other organisms and Pb detection/removal from environment.



MATERIALS AND METHODS


Algae Culture and Treatments

The Freshwater Algae Culture Collection [Institute of Hydrobiology, FACHB (Wuhan, China)] provided C. reinhardtii (CC-503 cw903 mt+) used in this study. The cells were pre-cultured in the tris-acetate-phosphate (TAP) medium in an incubation chamber at 22°C, 12 L:12 D photoperiod, and 80 mmol photons m–2 s–1 light intensity by rotary shaker (100 rpm) (Hutner, 1990). Cells during mid-exponential growth were diluted to 1.0 × 105 cells mL–1 with fresh medium and transferred to modified TAP medium (Kopittke et al., 2008). Na2-glycerol-2-phosphate (Gly-2-P) was added at a concentration of 2.7 mM.

Modified TAP medium was prepared in 10–2 M 2-(N-morpholino) ethane sulfonate (MES, sodium salt, Sigma) medium. To minimize the potential effect of carbonate complexes, the solutions were buffered to pH 6 (Hassler et al., 2004). Pb(NO3)2 stock solutions were prepared using analytical grade chemicals and were diluted to 0, 3, and 80 μmol.L–1 in ultrapure water, respectively. Nitrate was selected as the counter ion due to its low possibility to form trace element complex. Concentrated solutions of nitric acid were used for pH adjustment. Under these conditions, more than 96% of free Pb2+ trace element represented in medium in the absence of added ligand.



Basic Parameters Analysis


Cell Density

Number of cells were measured using an electronic particle counter (Orifice, 50 μm; Multisizer II; Beckham Coulter, Fullerton, CA, United States) (Zheng et al., 2013).

Measurement of chlorophyll content: cells were collected by centrifugation at 3,700 g for 4 min. Chlorophyll was extracted in 80% methanol, and quantified by measuring absorbance at 650 and 665 nm (Juneau et al., 2005).

Determination of chlorophyll fluorescence parameters: A portable pulse amplitude modulated fluorometer Water-PAM (Walz, Effeltrich, Germany) was used to determine the chlorophyll fluorescence parameters. Prior to the measurements, The PSII electron transport chain was completely oxidized by putting the cells of C. reinhardtii in the dark for 10–15 min. Subsequently, triplicate of the maximal photochemical efficiency of PSII (Fv/Fm) was read on the Water-PAM by applying three saturation pulses (Samadani et al., 2017).



Enzymatic Assays

Algal cells were harvested by centrifugation at 3,700 g for 10 min at 4°C, washed with PBS buffer (three time). Finally, cells were resuspended in 1 mL of 0.1 M sodium phosphate buffer (PH 7.0) and were ruptured using ultrasonic homogenizer. The homogenate was then centrifuged at 13,523 g for 20 min at 4°C and the supernatant was considered as cell free enzyme extracts. Enzymatic assays were conducted by following the manufacturer’s instruction of commercially available kits (Peroxidase Assay Kit, Superoxide Dismutase Assay Kit, and Catalase Assay Kit), malondialdehyde (MDA) was measured by Malondialdehyde assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

All the data from triplicate experiments were shown as mean ± standard deviation (SD). Data were analyzed using SPSS 20.0 software with one-way ANOVA (Khan et al., 2019). The statistical significance was considered at ∗P < 0.05 or ∗∗P < 0.01. Data were represented as mean with different letters representing extremely significant differences in mean value among different treatments. All figures were generated by Origin 8.0.



Transcriptome Analysis


RNA Extraction and Sequencing

RNA was extracted from algal cells on the third day of lead stresses using the RNAprep pure Plant Kit [Tiangen Biotech(Beijing) Co., Ltd., Beijing, China] and measured using NanoDrop 2000 (Thermo). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, United States). cDNA synthesis was performed using random primers [cDNA synthesis kit, Tiangen Biotech(Beijing) Co., Ltd.]. NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, United States) was used to generate to sequence libraries. Sequence reads are available by the NCBI sequence read archives [SRR10269729 (control), SRR10269730 (control), SRR10269727 (low lead stress), SRR10269728 (low lead stress), SRR10269731 (high lead stress), and SRR10269732 (high lead stress)].



Construction of Transcriptomic Library

The library construction of transcriptome and bioinformatics analysis were conducted as previously described. Briefly, bioinformatics analysis of RNA sequences raw reads was transferred to clean reads by trimming adapter sequences, removing poly-N containing reads as well as filtering low-quality reads via proprietary procedures (20 q-scores for 50% nucleotides per read). Transcriptome assembly was performed by trinity platform with the two sets of sequence reads as the input (Haas et al., 2013). Prior to differential gene expression analysis, for each sequenced library, the read counts were adjusted using edgeR program package by one scaling normalized factor. Differential expression analysis of two samples was performed by the DEGseq (2010) R package. Genes with |log2 fold change| ≥ 1 and FDR < 0.01 (adjusted P-value, determined by the Benjamini and Hochberg multiple-testing correction implemented in the ‘p.adjust’ method of R) were defined as DEGs. The value of FPKM was the average of two biological replicated experiments.



Gene Functional Annotation

Based on the following database: Nr (NCBI non-redundant protein sequences),1 Pfam (Protein family),2 KOG/COG (Clusters of Orthologous Groups of proteins),3 (see Footnote 3) Swiss-Prot (A manually annotated and reviewed protein sequence database),4 KO (KEGG Ortholog database),5 GO (Gene Ontology),6 gene function was annotated. The whole KOG/COG and Pfam database were used for the annotation of gene function. While the algal and plants database of Nr, Swiss-Prot, KEGG and GO were used for the annotation of gene function. E value was −e 1e-5.



Quantification of Gene Expression Levels

Quantification of gene expression levels were estimated by fragments per kilobase of transcript per million fragments mapped. The formula is shown as follow:
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Validation of DEG Expression With Quantitative Real-Time PCR (qRT-PCR)

Reverse transcription quantitative PCR (qRT-PCR) was performed as previously report (Liu et al., 2019) to determine the transcriptional levels of DEGs. All qPCR reactions were performed using Quant qRT-PCR kit [Tiangen Biotech(Beijing) Co., Ltd., Beijing, China]. The primers used for qRT-PCR were listed in Supplementary Table S1. The standard curve of qRT-PCR was determined with six-serial dilutions of first-chain cDNA template. The comparative threshold (2–ΔΔCt) method was used to assess the relative expression levels. For every primer pair, a standard curve was performed to analyze the amplification efficiency and to identify potential primer dimers.



Gene Ontology (GO) Enrichment Analysis

Gene Ontology enrichment analysis of the DEGs was carried out through the GOseq R packages based on Wallenius non-central hyper- geometric distribution, which can be used to adjust gene length bias in DEGs (Chen et al., 2015).



KEGG Pathway Enrichment Analysis

KEGG is a database resource to understand high-level functions and utilities of the biological system from molecular-level information, especially, large-scale molecular datasets generated by genome sequencing and other high throughput experimental technologies (see Footnote 6). KOBAS software was used to determine the statistical enrichment of DEGs in KEGG pathway (Chen et al., 2015).



RESULTS


Physiological Analysis of C. reinhardtii Under the Lead Treatment

To investigate the response of C. reinhardtii under the lead treatment, some key physiological parameters were measured throughout the experiment (Figure 1). It can be seen that the algal cell density under the lead treatments (3 and 80 μmol.L–1) was consistent with that of control on the first day (Figure 1A). However, compared to control and 3 μmol.L–1 lead treatment, hereafter referred as low concentration, the algal cell density was significantly declined after 3 days when treated with 80 μmol.L–1 lead (P < 0.01). The cell density was decreased in continuously fashion, i.e., 23.20, 29.90, and 31.03% on the 3rd, 5th, and 7th days, respectively. The both total chlorophyll content and Fv/Fm of algae under 80 μmol.L–1 lead treatment were significantly declined on the 1/2 day (P < 0.05) with extremely significant declined demonstration on the 1st, 3rd, 5th, and 7th days (P < 0.01) (Figure 1). Briefly, the total chlorophyll content was decreased 19.61, 16.05, 50.07, 54.58, and 65.63% on 1/2 day, 1st, 3rd, 5th, and 7th day, respectively compared to the control and low lead treatment (Figure 1B). While the Fv/Fm was declined 3.54, 6.21, 28.28, 33.08, and 32.12% on 1/2 day, 1st, 3rd, 5th and 7th day, respectively, compared to the control and low lead treatment, i.e., 3 μmol.L–1 (Figure 1C).
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FIGURE 1. Cell density (A), chlorophyll content (B), and Fv/Fm (C) of algae under the lead treatment. Data were represented as mean with **P < 0.01. Different letters representing extremely significant differences in mean value between different treatments. Error bars indicate SD for three biological replicates.


As depicted in Figure 2, the activity of antioxidant enzymes [catalase (CAT), peroxide dismutase (POD), and superoxide dismutase (SOD)] and malondialdehyde (MDA) in the low lead treatment were not significantly different from that of the control (P > 0.05). However, the CAT activity was significantly increased on the 3rd day with extremely remarkably increased on the 7th day of treatment with high lead compared to control and low lead treatment (Figure 2A). The POD activity was extremely higher than control and low lead treatment on the 3rd and 7th days of experiment (P < 0.01) (Figure 2B). Furthermore, it was observed that the POD activity under the high lead treatment was increased 1.8- and 5.2-fold compared with control group, respectively. Similarly, the SOD was also extremely prominently higher than that of control and low lead treatment on the 3rd and 7th days (P < 0.01) (Figure 2C). The SOD activity under the high lead treatment was raised 1.4- and 4.5-fold compared with control group, respectively. Moreover, compared to control and low lead treatment highly significant increased MDA content on the 3rd day less but still significantly increased on the 7th day was also observed (Figure 2D).
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FIGURE 2. (A) Catalase activity, (B) Peroxidase activity, (C) Superoxide Dismutase activity, (D) Malondialdehyde content. The activity of antioxidant enzymes and MDA content of algae under the lead treatment. Different letters representing extremely significant differences in mean value between different treatments. Error bars indicate SD for three biological replicates.




Transcriptome Analysis of C. reinhardtii Under the Lead Treatment


General Transcriptome Analysis of C. reinhardtii Response to Lead Stress

By sequencing the transcriptome of C. reinhardtii, fifty-eight to sixty-eight million clean reads of each sample were achieved after filtering, with more than 93% bases showing quality greater than Q30. While the GC percentage was around 62% (Table 1). Based on the comparison, variable splicing prediction analysis, gene structure optimization analysis and the discovery of new genes were conducted. 482 new genes were discovered, 353 of which were functionally annotated.


TABLE 1. Illumina sequencing statistics.
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Differentially Expressed Genes (DEGs) Affected by the Lead Treatment

Differential expression of genes was also analyzed. Compare to the control, large number of differentially expressed genes (DEGs) were identified in 0, 3, and 80 μmol ⋅ L–1 lead treatment. DEGs were annotated by matching against non-redundant protein sequence (Nr), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups of proteins (COG), eukaryotic Orthologous Groups (KOG), Gene ontology (GO), and Pfam database. The number of C. reinhardtii DEGs based on different database was shown in Table 2. Total, 66 (40 up-regulated and 26 down-regulation) DEGs were identified in the comparison of 0 vs. 3, and 2,630 (1,866 up-regulated and 764 down-regulation) DEGs were identified in the comparison of 0 vs. 80. The volcano plots for DEGs of each comparison group were shown in Figure 3.


TABLE 2. The number of C. reinhardtii DEGs based on different database.
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FIGURE 3. Volcano plots of DEGs in C. reinhardtii. Panel (A) was the comparison of DEGs in 0 vs. 3 μmol.L–1. Panel (B) was the comparison of DEGs in 0 vs. 80 μmol.L–1.




Annotations of Differentially Expressed Genes (DEGs)

To evaluate the C. reinhardtii transcriptome at the functional level, an analysis was carried out to determine the distribution of the abundance of the GO terms annotated to biological process, cellular component and molecular function (Figures 4A,B). The analysis of the biological processes revealed the particular abundance of transcripts involved in cellular process, single-organism process, metabolic process, response to stimulus, developmental process, multicellular organization or biogenesis, reproduction and localization. It was shown that 35 genes putatively related with hormones were observed from signal biological process under the high lead stress (see Supplementary Material 1), no genes putatively related with calcium and MAPK signals were found from in this GO category. As for cellular component, most of which were related to function in the cell, cell part, organelle, membrane, organelle part, macromolecular complex, cell junction and symplast. Fourteen significant terms were identified in the molecular function. These were transcription factor activity, protein binding, nucleic acid binding transcription factor activity, catalytic activity, signal transducer activity, structural molecule activity, transporter activity, binding, electron carrier activity, antioxidant activity, protein tag, nutrient reservoir activity, molecular transducer activity, molecular function regulator. In signal transducer activity, four genes putatively related to hormones were observed, but genes putatively involved in calcium and MAPK signals were not found from signal transducer activity (see Supplementary Material 1). Compared to the low lead treatment the most markedly distinction under the high lead treatments is that more differentially expressed genes were related with molecular function, including transporter activity, structural molecule activity, electron carrier activity, molecular function regulator, transcription factor activity, protein binding, antioxidant activity, nutrient reservoir activity and protein tag. The details of the GO classification of the above comparisons were presented in Supplementary Material 2.
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FIGURE 4. Functional annotation of differentially expressed genes from C. reinhardtii. (A,B) Gene Ontology (GO) annotation based on three main catteries: “Biological Process,” “Cellular Component,” and “Molecular Function.” (C,D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways classification of the annotated differentially expressed genes based on four main catteries: “Genetic Information Processing,” “Environmental Information Processing,” “Cellular Processes,” and “Metabolism.” Panel (A,C) was the functional annotation of DEGs in 0 vs. 3 μmol.L–1. Panel (B,D) was the functional annotation of DEGs in 0 vs. 80 μmol.L–1.


Using the KEGG pathway classification 178 DEGs were annotated and assigned to 87 metabolic pathways. The results showed one up-regulated and two down-regulated KEGG pathways in the transcriptome analysis of algae under the 0 vs. 3 μmol.L–1 lead treatment. At the same time the results revealed 141 up-regulated and 37 down-regulated KEGG pathways under the 0 vs. 80 μmol.L–1 lead treatment. These unigenes annotated using database were classified into four categories, including cellular processes, environmental information processing, genetic information processing and metabolism. Obviously, differentially expressed genes on the low lead treatment were only focused on the three pathways of metabolism, including Glycosyphosphatidylinositol (GPI)-anchor biosynthesis, amino sugar and nucleotide sugar metabolism, and pyruvate metabolism (Figure 4C). However, the up- and down-regulated genes on the high lead treatment were involved in all four KEGG categories, including cellular processes, environmental information processing, genetic information processing and metabolism (Figure 4D). The top 10 pathways were purine metabolism, pyrimidine metabolism, proteasome, RNA transport, carbon metabolism, peroxisome, spliceosome, protein processing in endoplasmic reticulum, amino sugar and nucleotide sugar metabolism and starch and sucrose metabolism. The details of the KEGG classification of the above comparisons were presented in Supplementary Material 3.

Additionally, genes involved in potential signaling pathway and its ultimate responses were analyzed. The transcriptome data of C. reinhardtii showed that a prominent large proportion of DEGs was putatively involved in hormones signaling under the lead treatment (Table 3). In total, 67 DEGs putatively related to plant growth hormones were identified. They were classified into seven groups, including gibberellin (GA), cytokinin (CK), auxin, abscisic acid (ABA), ethylene, brassinosteroids (BR), and salicylic acid (SA) (Supplementary Tables S2–S8). The results showed that compared with the expression of genes in control group one gene putatively response to salicylic acid, one gene putatively response to brassinosteroid, one gene putatively response to auxin, two genes putatively response to abscisic acid, one gene putatively response to cytokinin and two genes putatively response to ethylene were up-regulated under the low lead treatment. No down-regulated gene was found under the low lead treatment. However, 67 genes were found to be differently expressed under the high lead treatment. Among them genes response to GA, CK, and BR hormones were all up-regulated under the high lead treatment in C. reinhardtii.


TABLE 3. The number of DEGs based on three signaling networks.

[image: Table 3]Downstream responses majorly include the regulation of transcription factors, trace element chelators and transporters. In this study, 20 genes putatively associated with transcription factors were annotated based on NCBI or Swiss-Prot database (Supplementary Table S9). These genes encode C2H2 (C2H2-type zinc finger transcription factor), AP2 (activator protein 2), MYB (myeloblastosis), bHLH (basic-helix-loop-helix), bZIP (basic region leucine ZIPper), SBP (SQUAMOSA promoter binding proteins), YABBY, GATA, HB (homeobox)-other, and MYB (myeloblastosis)-related transcription factors. It was shown that only one up-regulated gene and one down-regulated gene under the low lead treatment compared to the control. They were annotated to encode transcription factor associated with GATA. All the other genes were not differentially expressed under the low lead treatment. However, all genes encoding C2H2, AP2, MYB, bHLH, YABBY transcription factors were upregulation under the high lead treatment compared to that in control. Genes encoding bZIP, SBP and HB-other transcription factors were down-regulated. Among all genes encoding trace element chelators, only the genes encoding proteins putatively involved in phytochelatin and glutathione were found to be differentially expressed on the transcriptome data of C. reinhardtii under the high lead treatment. Among all annotated phytochelatin genes, only one gene was differentially expressed under the high lead treatment. Annotation based on NCBI or KEGG-pathway database showed that differentially expressed genes putatively related to glutathione metabolism were not observed in control and low lead treatment (Supplementary Table S10) but observed under the high lead treatment including three up-regulated genes and one down-regulated gene. Transcriptome data of C. reinhardtii under the lead stress revealed that ABC transporters were the sole differentially expressed genes among all trace element-transporters. Annotation-based on NCBI or Swiss-Prot database showed that differentially expressed genes encoding putatively ABC transporters were not observed between control and low lead treatment (Supplementary Table S11). While, 10 differentially expressed genes comprised of 4 up-regulated and 6 down-regulated genes were found in control and high lead treatment.



The Results of Real-Time Quantitative PCR

Genes expression of ABC-transporter, transcription factor, peroxisome activity and glutathione metabolism validate the sequencing results obtained by RNA-seq. Overall, the expression levels of all the genes were similar in the results of RNA-seq and qRT-PCR (Table 4). The regression analysis with R values (0.7212 and 0.8155, respectively) under the lead stresses was shown in Supplementary Figures S1, S2. The levels of gene expression have some small differences between the RNA-seq and qRT-PCR measurements. This difference might be affected by different measurement methods.


TABLE 4. The results of qRT-PCR.
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DISCUSSION

Physiological responses showed that the growth rate (cell density), chlorophyll content and photosynthesis efficiency (Fv/Fm) were inhibited under the high lead stress in C. reinhardtii. Our finding in terms of decrease in growth, chlorophyll content and photosynthesis efficiency under Pb stress are consistent with previous reports such as in Chlorella and cabbage etc. (Pandey and Sharma, 2002; Dao and Beardall, 2016). The Pb concentration of inhibiting algal growth in our C. reinhardtii CC-503 cw903 mt+ was much higher than the concentration reported in C. reinhardtii CCAP 11/32B (De Schamphelaere et al., 2014), this might be because both C. reinhardtii are different species. The significant decrease in growth rate, chlorophyll content and photosynthesis efficiency were suggested to due to the impairment of photosynthesis in microalga. Moreover, previous reports indicated that ROS production inhibited the growth (Bertrand and Poirier, 2005; Stoiber et al., 2013). This might be the possible explanation of growth rate inhibition under the high Pb treatment in this study. Since, it has been known that Pb damage the ultrastructure of chloroplasts (Qiao et al., 2013) therefore, inhibition of chlorophyll synthesis and photosynthesis efficiency were observed in C. reinhardtii. The maximum quantum yield of PSII (Fv/Fm) is a sensitive indicator of photosynthesis efficiency. The value is maintained at 0.6 to 0.65 for healthy algae (Maxwell and Johnson, 2000; Parkhill et al., 2001). However, Fv/Fm was found lower than 0.6 from the 3rd day onwards, indicating the low photosynthesis and unhealthy state of alga which ultimately resulted in significantly less cell density on the 3rd day. Reactive oxygen species were commonly induced under the pressure of trace elements including Pb (Szivák et al., 2009). And it was also known that SOD, POD, and MDA play an important roles in antioxidative defense against Pb-induced oxidative stress (Gechev et al., 2006; Dao and Beardall, 2016). Therefore, it was speculated that CAT, SOD, and POD activity were enhanced, MDA content was increased to alleviate Pb-induced oxidative stress in C. reinhardtii.

In addition to physiological level, the transcriptome level of C. reinhardtii was also analyzed and discussed under the Pb treatment. GO terms annotation suggested that compared to biological process and cellular component, molecular function played a more important role in algal adaptation to lead stress. Several genes putatively related with hormones were enriched in signaling of biological process and signal transducer activity of molecular function, while genes putatively involved in calcium signaling and MAPK signaling were not differentially expressed or enriched in signaling of biological process and signal transducer activity. This could be explained by the importance of genes putatively related with hormones under the trace element stresses. DEGs putatively involved in electron carrier activity and antioxidant activity explained that the photochemical efficiency, pigment content, the activity of antioxidant enzymes and the MDA content of algae were significantly affected under the high lead stress. KEGG pathway classification showed that more pathways were activated in response to the high lead stress on microalgae. This indicated that compared to the metabolism pathway in the low lead stress more pathways involved in genetic information processing, environmental information processing and cellular processes were activated to defense the stress of high lead. Among these activated pathways, differentially expressed genes putatively involved in peroxisome pathway were observed, which might explain the enhanced activity of antioxidant enzymes. This hypothesis was also supported by a previous paper showing that the action of antioxidant enzymes (e.g., SOD, CAT, ascorbate peroxidase, and glutathione reductase) was to resist oxidative stress (Matilla-Vázquez and Matilla, 2012).

Generally, signaling cascades were thought to be an important contribution during the defense responses of plants (Jalmi et al., 2018). The signal was achieved from the upstream receptors and transmitted into the nucleus. Afterward, different stresses-responsive genes cooperatively and/or separately were regulated by transcription factors and thus, gene networks were constituted. Finally, genes were differentially expressed to help plants to adapt to various environmental stresses (Singh et al., 2016). There are many signaling networks working in the stress of trace elements, majorly including hormone signaling, calcium signaling and MAPK signaling (Rao et al., 2011; Sinha et al., 2011; Chen et al., 2014; Steinhorst and Kudla, 2014). Go annotation showed that compared to genes putatively related with calcium and MAPK signals the genes putatively related to hormone signaling were only differentially expressed and annotated in this study. Therefore, it was speculated that hormone signaling was an important signaling network in C. reinhardtii under the lead treatment. Addition to the synthesis of hormones signaling molecules, trace elements stress-related proteins (e.g., trace element chelators and transporters) were also accumulated in cells (Mendoza-Cózatl et al., 2011). These proteins were putatively involved in chelating and sequestering trace elements to vacuoles (Hasan et al., 2017). Therefore, hormone signaling regulation network, and its downstream responses (i.e., the regulation of transcription factors, trace element chelators and transporters) were further discussed in this study (Figure 5).
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FIGURE 5. Potential hormone signaling pathway and its ultimate response in C. reinhardtii under the lead treatment. Gas, gibberellins; CKs, cytokinins auxins; ABA, abscisic acid, ethylene; BR, brassinosteroids; SA, salicylic acid; PC, phytochelatins; GSH, glutathione; TF, transcription factors; ROS, reactive oxygen species; P, phosphorylated; and DEGs, differentially expressed genes. The figure was modified from Jalmi et al. (2018).


It was known that different plant hormones play an important role in trace element stress response (Cao et al., 2009; Vitti et al., 2013; Chen et al., 2014; Zhao et al., 2014). In this study, 67 genes putatively related to plant growth hormones were differently expressed under the high lead treatment, indicating a complex regulation network. Genes putatively encoding GA, CK, and BR hormones were all up-regulated under the high lead treatment, suggesting potential important role of GA, CK, and BR in algal defense responses. It was reported that regulation of CAT and POD activities or the overexpression of genes related to GA hormone could alleviate detrimental effects of different trace elements (e.g., Ni, Cr, Zn, Cd, and Pb) on higher plants (Hamayun et al., 2010; Gangwar et al., 2011; Zhu et al., 2012). Accumulation of CK hormone in plants help them to mitigate the trace element induced toxicity (Jalmi et al., 2018). Furthermore, the destruction of photosynthetic pigment and chloroplast membrane could be repaired by CK hormone to increase photosynthetic capacity (Piotrowska-Niczyporuk et al., 2012). Several studies revealed that BR could regulate the antioxidant defense system to mitigate the toxicity of trace elements (e.g., Cu, Pb, and Cd) in Chlorella vulgaris (Bajguz, 2010). Additionally, it was revealed that the jasmonic acid and the BR pathways had antagonistic action in infected higher plants (He et al., 2017). BR related Cre02.g076800 and Cre12.g511700 genes were analyzed under the methyl jasmonate treated C. reinhardtii, no differentially expressed Cre02.g076800 could be explained by that Cre02.g076800 was putatively involved in the BR pathway but not jasmonic acid pathway, while Cre12.g511700 gene was proposed to function under the treatment of phytohormone methyl jasmonate (Commault et al., 2019). Compared to the treatment of methyl jasmonate, these two genes were up-regulation in the Pb treated C. reinhardtii. Therefore, it was speculated that GA, CK, and BR hormones might play an important role in regulating the activity of antioxidant enzymes, pigment content, algal photosynthesis, and alleviating the Pb toxicity in C. reinhardtii under the high lead treatment.

In addition, some salicylic acid (SA), auxin, abscisic acid (ABA) and ethylene putatively related genes were also differentially expressed under the lead stress. Among six up-regulated and five down-regulated genes putatively involved in SA, Cre06.g275350 gene was up-regulation under the low and high lead stresses. In previous study, it was shown that Cre06.g275350 gene was putatively involved in the control of gene expression in C. reinhardtii (Formighieri et al., 2012). Therefore, it was proposed that its upregulation might regulate the gene expression during the SA pathway under the lead stress. While Cre06.g287000 gene was only upregulation under the high lead stress. The Cre06.g287000 was homologous with AT2G33380 in Arabidopsis and Cz16g16140, Cz09g31050, and Cz03g13150 in oleaginous alga Chromochloris zofingiensis involved in defense against stresses (Wang et al., 2019). Hence, it is reasonable to speculate that the upregulation of Cre06.g287000 might also play roles in Chlamydomonas defense against lead stress in this study. According to the previous paper, it was speculated that the auxin related Cre09.g394436 gene might participate in the polar transport of auxin and sodium in C. reinhardtii (Goodenough et al., 2019). Cre09.g392350 gene had the same response under the CO2 limitation and lead stress, both showing a slightly up-regulated expression (Arias et al., 2020). However, Cre03.g186950 expression was down-regulation under the salt stress and up-regulation under the lead stress in C. reinhardtii (Li et al., 2017). Both genes were annotated to response to abscisic acid, suggesting the response of gene expression might be dependent on different abiotic stresses. Cre10.g422900 gene was induced to be co-expressed with other genes in C. reinhardtii under the cold stress (Li et al., 2020). Anyway, the accurately function of these genes must be certificated by experimental methods.

Transcription factors play an important role in regulation of gene expression in many defense responses (e.g., trace elements responses) in plants (Yanhui et al., 2006). Previous studies documented that the overexpression of transcription factors in plants increased trace element tolerance (Cho et al., 2007; Yamaji et al., 2009; Long et al., 2010; Blanvillain et al., 2011; Gao et al., 2013). The overexpression of C2H2 increased the tolerance of plants to Al toxicity by regulating proton pump (Iuchi et al., 2007). Overexpressed AP2 protected plants against oxidative stress induced by trace elements through enhancing the production of APX, GR, and SOD (Tang et al., 2005). Previous studies have also demonstrated that the expression of AP2 and MYB were up-regulated on exposure to trace elements, mutation in MYB gene resulted in the increase of trace element sensitivity, the significant accumulation of H2O2 and decrease of CAT activity in higher plants (Van De Mortel et al., 2008; Ogawa et al., 2009; Hu et al., 2017). Overexpression of bHLH gene increased the sequestration of Cd in plants (Wu et al., 2012). These studies further indicated that the up-regulation of genes encoding C2H2, AP2, MYB, bHLH, and YABBY transcription factors in this study might have positively effects in the mechanism of Pb stress tolerance, through increasing the activity of CAT, POD, and SOD, enhancing the production of MDA and the sequestration of Pb. However, owing to some other transcription factors, including bZIP, SBP, and HB-other transcription factors were reported to involve in uptake and accumulation of trace elements, they might have negative effect on the regulation of Pb stress (Song et al., 2019).

Trace element chelators were also found under the trace elements stresses, including phytochelatins, metallothioneins, glutathiones, serine acetyltransferase, histone and cys-rich trace element binding peptides (Kumar et al., 2015; Jalmi et al., 2018). Only the genes putatively encoding phytochelatins and glutathiones were observed in DEGs of C. reinhardtii, indicating that chelators might have trace element and organism specificity. It has already been known that phytochelatin synthesis is important in regulating plant tolerance to trace elements (Clemens, 2006; Emamverdian et al., 2015). Only one annotated phytochelatin gene in this study was differentially expressed under the lead treatments. This might be explained by that the biosynthesis of PCs can be regulated at post-translational level in plants (Hasan et al., 2017).

It was known that the transport and relocation of trace elements in cells was carried out by different transporters localized in the plasma and vacuolar membranes. Many transporters were identified from plants and algae, such as zinc-iron permease, ATP-binding cassette (ABC)-transporters, natural resistant associated macrophage protein, cation diffusion facilitator and trace element transport ATPase (Park et al., 2012; Singh et al., 2016). In this study, putatively ABC transporters were the sole differentially expressed genes on the transcriptome data of C. reinhardtii under the lead treatments. Two differentially expressed genes putatively involved in ABC transporter pathway were enriched by KEGG analysis. This might be because trace element transporters have trace element and organism specificity. ABC transporters were special for the transport and relocation of Pb trace element in C. reinhardtii. ABC transporters have already been reported to be a major trace elements (e.g., Pb) transporters and play an vital role in vacuole sequestration and detoxification of trace elements in plants (Kim et al., 2007; Wang et al., 2017).



CONCLUSION

Adverse effects of trace elements have compelled the scientists across the globe to come-up with realistic solution for its control. Microalgae are one of the most investigated organisms for trace element bioaccumulation potentials. However, existing knowledge regarding microalgae response against trace elements at molecular level is insufficient. Therefore, in this study, we aimed to fill this knowledge gap by investigating the responses of model microalga C. reinhardtii both at physiological and molecular levels under Pb stress.

Our data revealed that C. reinhardtii demonstrate physiological responses under Pb stress in species dependent manner. Moreover, it was speculated that hormone signaling pathway was important in defense mechanism of C. reinhardtii under Pb stress. Among all known trace element transporters, ABC transporter was found to be the sole differentially expressed gene in C. reinhardtii. It was indicated that ABC transporter played a very important role in the transport and relocation of Pb in C. reinhardtii. Anyway, the biological roles of hormone signaling pathway and ABC transporters in algae still need to be verified by further experiments. Our data is significant addition in the existing knowledge regarding the Pb toxicity and defense mechanism of microalgae. This model study would be helpful for future investigation and developing tools for trace element detection in both biological and non-biological systems.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

XL and HD designed the experiments and supervised the project. CZ, MA, XX, HJ, NH, KT, YY, and PL performed the experiments. XL, HD, CZ, and MA wrote the draft manuscript. All authors discussed the results and implications and commented on the manuscript at all stages.



FUNDING

This work was supported by the National Natural Science Foundation of China (41806168 and 41976125) and Colleges Innovation Project of Guangdong (2018KCXTD012), the Start-Up funding of Shantou University (No. NTF18004), and Key Special Project for Introduced Talents Team of Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0606).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01443/full#supplementary-material


FOOTNOTES

1
ftp://ftp.ncbi.nih.gov/blast/db/

2
http://pfam.xfam.org/

3
http://www.ncbi.nlm.nih.gov/COG/

4
http://www.uniprot.org/

5
http://www.genome.jp/kegg/

6
http://www.geneontology.org/


REFERENCES

Arias, C., Obudulu, O., Zhao, X., Ansolia, P., Zhang, X., Paul, S., et al. (2020). Nuclear proteome analysis of Chlamydomonas with response to CO2 limitation. Algal Res. 46:101765. doi: 10.1016/j.algal.2019.101765

Bajguz, A. (2010). An enhancing effect of exogenous brassinolide on the growth and antioxidant activity in Chlorella vulgaris cultures under heavy metals stress. Environ. Exp. Bot. 68, 175–179. doi: 10.1016/j.envexpbot.2009.11.003

Bertrand, M., and Poirier, I. (2005). Photosynthetic organisms and excess of metals. Photosynthetica 43, 345–353. doi: 10.1007/s11099-005-0058-2

Blanvillain, R., Wei, S., Wei, P., Kim, J. H., and Ow, D. W. (2011). Stress tolerance to stress escape in plants: role of the OXS2 zinc-finger transcription factor family. EMBO J. 30, 3812–3822. doi: 10.1038/emboj.2011.270

Canadian Water Quality Guidelines (1999). Canadian Water Quality Guidelines for the Protection of Aquatic Life. London: Canadian Environmental Quality Guidelines.

Cao, S., Chen, Z., Liu, G., Jiang, L., Yuan, H., Ren, G., et al. (2009). The Arabidopsis Ethylene-Insensitive 2 gene is required for lead resistance. Plant Physiol. Biochem. 47, 308–312. doi: 10.1016/j.plaphy.2008.12.013

Chen, L., Fan, J., Hu, L., Hu, Z., Xie, Y., Zhang, Y., et al. (2015). A transcriptomic analysis of bermudagrass (Cynodon dactylon) provides novel insights into the basis of low temperature tolerance. BMC Plant Biol. 15:216. doi: 10.1186/s12870-015-0598-y

Chen, Y. A., Chi, W. C., Trinh, N. N., Huang, L. Y., Chen, Y. C., Cheng, K. T., et al. (2014). Transcriptome profiling and physiological studies reveal a major role for aromatic amino acids in mercury stress tolerance in rice seedlings. PLoS One 9:e95163. doi: 10.1371/journal.pone.0095163

Chen, Z., Zhu, L., and Wilkinson, K. J. (2010). Validation of the biotic ligand model in metal mixtures: bioaccumulation of lead and copper. Environ. Sci. Technol. 44, 3580–3586. doi: 10.1021/es1003457

Cho, S. H., Hoang, Q. T., Phee, J. W., Kim, Y. Y., Shin, H. Y., and Shin, J. S. (2007). Modified suppression subtractive hybridization identifies an AP2-containing protein involved in metal responses in Physcomitrella patens. Mol. Cells 23, 100–107. doi: 10.1111/j.1524-475X.2007.00216.x

Clemens, S. (2006). Evolution and function of phytochelatin synthases. J. Plant Physiol. 23, 100–107. doi: 10.1016/j.jplph.2005.11.010

Commault, A. S., Fabris, M., Kuzhiumparambil, U., Adriaans, J., Pernice, M., and Ralph, P. J. (2019). Methyl jasmonate treatment affects the regulation of the 2-c-methyl-d-erythritol 4-phosphate pathway and early steps of the triterpenoid biosynthesis in Chlamydomonas reinhardtii. Algal Res. 39, e101462. doi: 10.1016/j.algal.2019.101462

Dao, L. H. T., and Beardall, J. (2016). Effects of lead on growth, photosynthetic characteristics and production of reactive oxygen species of two freshwater green algae. Chemosphere 147, 420–429. doi: 10.1016/j.chemosphere.2015.12.117

De Schamphelaere, K. A. C., Nys, C., and Janssen, C. R. (2014). Toxicity of lead (Pb) to freshwater green algae: development and validation of a bioavailability model and inter-species sensitivity comparison. Aquat. Toxicol. 155, 348–359. doi: 10.1016/j.aquatox.2014.07.008

Du, H., Liang, H., Jiang, Y., Qu, X., Yan, H., and Liu, X. (2018). Proteome responses of Gracilaria lemaneiformis exposed to lead stress. Mar. Pollut. Bull. 135, 311–317. doi: 10.1016/j.marpolbul.2018.07.030

Emamverdian, A., Ding, Y., Mokhberdoran, F., and Xie, Y. (2015). Heavy metal stress and some mechanisms of plant defense response. Sci. World J. 2015:756120. doi: 10.1155/2015/756120

Flouty, R., and Estephane, G. (2012). Bioaccumulation and biosorption of copper and lead by a unicellular algae Chlamydomonas reinhardtii in single and binary metal systems: a comparative study. J. Environ. Manag. 111, 106–114. doi: 10.1016/j.jenvman.2012.06.042

Formighieri, C., Ceol, M., Bonente, G., Rochaix, J., and Bassi, R. (2012). Retrograde signaling and photoprotection in a gun4 mutant of Chlamydomonas reinhardtii. Mol. Plant. 5, 1242–1262. doi: 10.1093/mp/sss051

Gangwar, S., Singh, V. P., Srivastava, P. K., and Maurya, J. N. (2011). Modification of chromium (VI) phytotoxicity by exogenous gibberellic acid application in Pisum sativum (L.) seedlings. Acta Physiol. Plant 33, 1385–1397. doi: 10.1007/s11738-010-0672-x

Gao, J., Sun, L., Yang, X., and Liu, J. X. (2013). Transcriptomic analysis of cadmium stress response in the heavy metal hyperaccumulator Sedum alfredii hance. PLoS One 8:e64643. doi: 10.1371/journal.pone.0064643

Gechev, T. S., Van Breusegem, F., Stone, J. M., Denev, I., and Laloi, C. (2006). Reactive oxygen species as signals that modulate plant stress responses and programmed cell death. Bioessays 28, 1091–1101. doi: 10.1002/bies.20493

Gill, S. S., Hasanuzzaman, M., Nahar, K., Macovei, A., and Tuteja, N. (2013). Importance of nitric oxide in cadmium stress tolerance in crop plants. Plant Physiol. Biochem. 63, 254–261. doi: 10.1016/j.plaphy.2012.12.001

Goodenough, U., Heiss, A. A., Roth, R., Rusch, J., and Lee, J. H. (2019). Acidocalcisomes: ultrastructure, biogenesis, and distribution in microbial eukaryotes. Protist 170, 287–313. doi: 10.1016/j.protis.2019.05.001

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J., et al. (2013). De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis. Nat. Protoc. 8, 1494–1512. doi: 10.1038/nprot.2013.084

Hall, J. L. (2002). Cellular mechanisms for heavy metal detoxification and tolerance. J. Exp. Bot. 53, 1–11. doi: 10.1093/jxb/53.366.1

Hamayun, M., Khan, S. A., Khan, A. L., Shin, J. H., Ahmad, B., Shin, D. H., et al. (2010). Exogenous gibberellic acid reprograms soybean to higher growth and salt stress tolerance. J. Agric. Food Chem. 58, 7226–7232. doi: 10.1021/jf101221t

Hasan, M. K., Cheng, Y., Kanwar, M. K., Chu, X.-Y., Ahammed, G. J., and Qi, Z.-Y. (2017). Responses of plant proteins to heavy metal stress—a review. Front. Plant Sci. 8:1492. doi: 10.3389/fpls.2017.01492

Hassler, C. S., Slaveykova, V. I., and Wilkinson, K. J. (2004). Some fundamental (and often overlooked) considerations underlying the free ion activity and biotic ligand models. Environ. Toxicol. Chem. 23, 283–291. doi: 10.1897/03-149

Hayat, S., Khalique, G., Irfan, M., Wani, A. S., Tripathi, B. N., and Ahmad, A. (2012). Physiological changes induced by chromium stress in plants: an overview. Protoplasma 249, 599–611. doi: 10.1007/s00709-011-0331-0

He, Y., Zhang, H., Sun, Z., Li, J., Hong, G., Zhu, Q., et al. (2017). Jasmonic acid-mediated defense suppresses brassinosteroid-mediated susceptibility to\r, rice black streaked dwarf virus\r, infection in rice. New Phytol. 214, 388–399. doi: 10.1111/nph.14376

Hossain, Z., and Komatsu, S. (2013). Contribution of proteomic studies towards understanding plant heavy metal stress response. Front. Plant Sci. 3:310. doi: 10.3389/fpls.2012.00310

Hu, S., Yu, Y., Chen, Q., Mu, G., Shen, Z., and Zheng, L. (2017). OsMYB45 plays an important role in rice resistance to cadmium stress. Plant Sci. 264, 1–8. doi: 10.1016/j.plantsci.2017.08.002

Hutner, S. H. (1990). The Chlamydomonas Sourcebook: A Comprehensive Guide to Biology and Laboratory Use. Cambridge, MA: Academic Press.

Iuchi, S., Koyama, H., Iuchi, A., Kobayashi, Y., Kitabayashi, S., Kobayashi, Y., et al. (2007). Zinc finger protein STOP1 is critical for proton tolerance in Arabidopsis and coregulates a key gene in aluminum tolerance. Proc. Natl. Acad. Sci. U.S.A. 104, 9900–9905. doi: 10.1073/pnas.0700117104

Jalmi, S. K., Bhagat, P. K., Verma, D., Noryang, S., Tayyeba, S., Singh, K., et al. (2018). Traversing the links between heavy metal stress and plant signaling. Front. Plant Sci. 9:12. doi: 10.3389/fpls.2018.00012

Jensen, E. L., Maberly, S. C., and Gontero, B. (2020). Insights on the functions and ecophysiological relevance of the diverse carbonic anhydrases in microalgae. Int. J. of Mol. Sci. 21:2922. doi: 10.3390/ijms21082922

Juneau, P., Green, B. R., and Harrison, P. J. (2005). Simulation of Pulse-Amplitude-Modulated (PAM) fluorescence: limitations of some PAM-parameters in studying environmental stress effects. Photosynthetica 43, 75–83. doi: 10.1007/s11099-005-5083-7

Kavamura, V. N., and Esposito, E. (2011). Biotechnological strategies applied to the decontamination of soils polluted with heavy metals, in: comprehensive biotechnology. Science 28, 61–69. doi: 10.1016/B978-0-08-088504-9.00371-8

Khan, B. M., Qiu, H. M., Xu, S. Y., Liu, Y., and Cheong, K. L. (2019). Physicochemical characterization and antioxidant activity of sulphated polysaccharides derived from Porphyra haitanensis. Int. J. Biol. Macromol. 145, 1155–1161. doi: 10.1016/j.ijbiomac.2019.10.040

Kim, D. Y., Bovet, L., Maeshima, M., Martinoia, E., and Lee, Y. (2007). The ABC transporter AtPDR8 is a cadmium extrusion pump conferring heavy metal resistance. Plant J. 50, 207–218. doi: 10.1111/j.1365-313X.2007.03044.x

Kopittke, P. M., Asher, C. J., and Menzies, N. W. (2008). Prediction of Pb speciation in concentrated and dilute nutrient solutions. Environ. Pollut. 153, 548–554. doi: 10.1016/j.envpol.2007.09.012

Kumar, S., Dubey, R. S., Tripathi, R. D., Chakrabarty, D., and Trivedi, P. K. (2015). Omics and biotechnology of arsenic stress and detoxification in plants: current updates and prospective. Environ. Int. 74, 221–230. doi: 10.1016/j.envint.2014.10.019

Li, L., Peng, H., Tan, S., Zhou, J., Fang, Z., Hu, Z., et al. (2020). Effects of early cold stress on gene expression in Chlamydomonas reinhardtii. Genomics 112, 1128–1138. doi: 10.1016/j.ygeno.2019.06.027

Li, Y., Fei, X., Wu, X., and Deng, X. (2017). Iron deficiency response gene Femu2 plays a positive role in protecting Chlamydomonas reinhardtii against salt stress. Biochim. Biophys. Acta 1861, 3345–3354. doi: 10.1016/j.bbagen.2016.08.017

Liu, X., Wen, J., Chen, W., and Du, H. (2019). Physiological effects of nitrogen deficiency and recovery on the macroalga Gracilaria lemaneiformis (Rhodophyta). J. Phycol. JPY 55, 830–839. doi: 10.1111/jpy.12862

Long, T. A., Tsukagoshi, H., Busch, W., Lahner, B., Salt, D. E., and Benfey, P. N. (2010). The bHLH transcription factor POPEYE regulates response to iron deficiency in Arabidopsis roots. Plant Cell 22, 2219–2236. doi: 10.1105/tpc.110.074096

Matilla-Vázquez, M., and Matilla, A. (2012). “Role of H2O2 as signaling molecule in plants,” in Environmental Adaptations And Stress Tolerance Of Plants In The Era Of Climate Change, eds P. Ahmad and M. Prasad, (New York, NY: Springer), 361–380. doi: 10.1007/978-1-4614-0815-4_16

Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence - a practical guide. J. Exp. Bot. 51, 659–668. doi: 10.1093/jxb/51.345.659

Mendoza-Cózatl, D. G., Jobe, T. O., Hauser, F., and Schroeder, J. I. (2011). Long-distance transport, vacuolar sequestration, tolerance, and transcriptional responses induced by cadmium and arsenic. Curr. Opin. Plant Biol. 14, 554–562. doi: 10.1016/j.pbi.2011.07.004

Miransari, M. (2011). Hyperaccumulators, Arbuscular mycorrhizal fungi and stress of heavy metals. Biotechnol. Adv. 29, 645–653. doi: 10.1016/j.biotechadv.2011.04.006

Ogawa, I., Nakanishi, H., Mori, S., and Nishizawa, N. K. (2009). Time course analysis of gene regulation under cadmium stress in rice. Plant Soil 325, 97–108. doi: 10.1007/s11104-009-0116-9

Pandey, N., and Sharma, C. P. (2002). Effect of heavy metals Co2+, Ni2+ and Cd2+ on growth and metabolism of cabbage. Plant Sci. 163, 753–758. doi: 10.1016/S0168-9452(02)00210-8

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

Parkhill, J. P., Maillet, G., and Cullen, J. J. (2001). Fluorescence-based maximal quantum yield for PSII as a diagnostic of nutrient stress. J. Phycol. 37, 517–529. doi: 10.1046/j.1529-8817.2001.037004517.x

Piotrowska-Niczyporuk, A., Bajguz, A., Zambrzycka, E., and Godlewska-z̈yłkiewicz, B. (2012). Phytohormones as regulators of heavy metal biosorption and toxicity in green alga Chlorella vulgaris (Chlorophyceae). Plant Physiol. Biochem. 52, 52–65. doi: 10.1016/j.plaphy.2011.11.009

Qiao, X., Shi, G., Chen, L., Tian, X., and Xu, X. (2013). Lead-induced oxidative damage in steriled seedlings of Nymphoides peltatum. Environ. Sci. Pollut. Res. 20, 5047–5055. doi: 10.1007/s11356-013-1475-6

Rao, K. P., Vani, G., Kumar, K., Wankhede, D. P., Misra, M., Gupta, M., et al. (2011). Arsenic stress activates MAP kinase in rice roots and leaves. Arch. Biochem. Biophys. 506, 73–82. doi: 10.1016/j.abb.2010.11.006

Samadani, M., Perreault, F., Oukarroum, A., and Dewez, D. (2017). Effect of cadmium accumulation on green algae Chlamydomonas reinhardtii and acid-tolerant Chlamydomonas CPCC 121. Chemosphere 191, 174–182. doi: 10.1016/j.chemosphere.2017.10.017

Sánchez-Marín, P., Fortin, C., and Campbell, P. G. C. (2014). Lead (Pb) and copper (Cu) share a common uptake transporter in the unicellular alga Chlamydomonas reinhardtii. Biometals 27, 173–181. doi: 10.1007/s10534-013-9699-y

Scheidegger, C., Behra, R., and Sigg, L. (2011a). Phytochelatin formation kinetics and toxic effects in the freshwater alga Chlamydomonas reinhardtii upon short- and long-term exposure to lead (II). Aquat. Toxicol. 101, 423–429. doi: 10.1016/j.aquatox.2010.11.016

Scheidegger, C., Sigg, L., and Behra, R. (2011b). Characterization of lead induced metal-phytochelatin complexes in Chlamydomonas reinhardtii. Environ. Toxicol. Chem. 30, 2546–2552. doi: 10.1002/etc.654

Sharma, S. S., and Dietz, K. J. (2009). The relationship between metal toxicity and cellular redox imbalance. Trends Plant Sci. 14, 43–50. doi: 10.1016/j.tplants.2008.10.007

Singh, S., Parihar, P., Singh, R., Singh, V. P., and Prasad, S. M. (2016). Heavy metal tolerance in plants: role of transcriptomics, proteomics, metabolomics, and ionomics. Front. Plant Sci. 6:1143. doi: 10.3389/fpls.2015.01143

Sinha, A. K., Jaggi, M., Raghuram, B., and Tuteja, N. (2011). Mitogen-activated protein kinase signaling in plants under abiotic stress. Plant Signal. Behav. 6, 196–203. doi: 10.4161/psb.6.2.14701

Song, C., Yan, Y., Rosado, A., Zhang, Z., and Castellarin, S. (2019). ABA alleviates uptake and accumulation of zinc in grapevine (Vitis vinifera l.) by inducing expression of ZIP and detoxification-related genes. Front. Plant Sci. 10, 1–12. doi: 10.3389/fpls.2019.00872

Steinhorst, L., and Kudla, J. (2014). Signaling in cells and organisms - calcium holds the line. Curr. Opin. Plant Biol. 22, 14–21. doi: 10.1016/j.pbi.2014.08.003

Stewart, T. J., Szlachetko, J., Sigg, L., Behra, R., and Nachtegaal, M. (2015). Tracking the temporal dynamics of intracellular lead speciation in a green Alga. Environ. Sci. Technol. 49, 11176–11181. doi: 10.1021/acs.est.5b02603

Stoiber, T. L., Shafer, M. M., and Armstrong, D. E. (2013). Induction of reactive oxygen species in Chlamydomonas reinhardtii in response to contrasting trace metal exposures. Environ. Toxicol. 28, 516–523. doi: 10.1002/tox.20743

Szivák, I., Behra, R., and Sigg, L. (2009). Metal-induced reactive oxygen species production in Chlamydomonas reinhardtii (chlorophyceae). J. Phycol. 45, 427–435. doi: 10.1111/j.1529-8817.2009.00663.x

Tang, W., Charles, T. M., and Newton, R. J. (2005). Overexpression of the pepper transcription factor CaPF1 in transgenic Virginia pine (Pinus virginiana Mill) confers multiple stress tolerance and enhances organ growth. Plant Mol. Biol. 59, 603–617. doi: 10.1007/s11103-005-0451-z

Van De Mortel, J. E., Schat, H., Moerland, P. D., Van Themaat, E. V. L., Van Der Ent, S., Blankestijn, H., et al. (2008). Expression differences for genes involved in lignin, glutathione and sulphate metabolism in response to cadmium in Arabidopsis thaliana and the related Zn/Cd-hyperaccumulator Thlaspi caerulescens. Plant Cell Environ. 31, 301–324. doi: 10.1111/j.1365-3040.2007.01764.x

Vitti, A., Nuzzaci, M., Scopa, A., Tataranni, G., Remans, T., Vangronsveld, J., et al. (2013). Auxin and cytokinin metabolism and root morphological modifications in Arabidopsis thaliana seedlings infected with Cucumber mosaic virus (CMV) or exposed to cadmium. Int. J. Mol. Sci. 14, 6889–6902. doi: 10.3390/ijms14046889

Wang, X., Wang, C., Sheng, H., Wang, Y., Zeng, J., Kang, H., et al. (2017). Transcriptome-wide identification and expression analyses of ABC transporters in dwarf polish wheat under metal stresses. Biol. Plant. 61, 293–304. doi: 10.1007/s10535-016-0697-0

Wang, X., Wei, H., Mao, X., and Liu, J. (2019). Proteomics analysis of lipid droplets from the oleaginous alga Chromochloris zofingiensis reveals novel proteins for lipid metabolism. Genom Proteom Bioinform. 17, 260–272. doi: 10.1016/j.gpb.2019.01.003

Wang, Y., Xu, L., Chen, Y., Shen, H., Gong, Y., Limera, C., et al. (2013). Transcriptome profiling of radish (Raphanus sativus L.) root and identification of genes involved in response to lead (Pb) stress with next generation sequencing. PLoS One 8:e66539. doi: 10.1371/journal.pone.0066539

Wu, H., Chen, C., Du, J., Liu, H., Cui, Y., Zhang, Y., et al. (2012). Co-overexpression FIT with AtbHLH38 or AtbHLH39 in Arabidopsis-enhanced cadmium tolerance via increased cadmium sequestration in roots and improved iron homeostasis of shoots. Plant Physiol. 158, 790–800. doi: 10.1104/pp.111.190983

Yamaji, N., Huang, C. F., Nagao, S., Yano, M., Sato, Y., Nagamura, Y., et al. (2009). A zinc finger transcription factor ART1 regulates multiple genes implicated in aluminum tolerance in rice. Plant Cell 21, 3339–3349. doi: 10.1105/tpc.109.070771

Yanhui, C., Xiaoyuan, Y., Kun, H., Meihua, L., Jigang, L., Zhaofeng, G., et al. (2006). The MYB transcription factor superfamily of Arabidopsis: expression analysis and phylogenetic comparison with the rice MYB family. Plant Mol. Biol. 60, 107–124. doi: 10.1007/s11103-005-2910-y

Zhao, F. Y., Wang, K., Zhang, S. Y., Ren, J., Liu, T., and Wang, X. (2014). Crosstalk between ABA, auxin, MAPK signaling, and the cell cycle in cadmium-stressed rice seedlings. Acta Physiol. Plant 36, 1879–1892. doi: 10.1007/s11738-014-1564-2

Zhao, G., Ye, S., Yuan, H., Ding, X., and Wang, J. (2017). Surface sediment properties and heavy metal pollution assessment in the Pearl River Estuary, China. Environ. Sci. Pollut. Res. 24, 2966–2979. doi: 10.1007/s11356-016-8003-4

Zheng, Q., Cheng, Z. Z., and Yang, Z. M. (2013). HISN3 mediates adaptive response of Chlamydomonas reinhardtii to excess nickel. Plant Cell Physiol. 54, 1951–1962. doi: 10.1093/pcp/pct130

Zhu, X. F., Jiang, T., Wang, Z. W., Lei, G. J., Shi, Y. Z., Li, G. X., et al. (2012). Gibberellic acid alleviates cadmium toxicity by reducing nitric oxide accumulation and expression of IRT1 in Arabidopsis thaliana. J. Hazard. Mater. 239-240, 302–307. doi: 10.1016/j.jhazmat.2012.08.077

Zhuang, H., Xu, S., Gao, M., Zhang, J., Hou, G., Liu, S., et al. (2018). Heavy metal pollution characteristics in the modern sedimentary environment of northern Jiaozhou Bay, China. Bull. Environ. Contam. Toxicol. 101, 473–478. doi: 10.1007/s00128-018-2439-9

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

Copyright © 2020 Zheng, Aslam, Liu, Du, Xie, Jia, Huang, Tang, Yang and Li. 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.


OPS/images/fmicb-11-01443-g003.jpg
Volcano plot B Volcano plot

304 404
304
Significant o Significant
Up £ Up
Down = ' Down
D50 . ] ‘.
Normal o2 i 4 B : e - |Normal
0 i .
04
104
04
T






OPS/images/fmicb-11-01443-g004.jpg
sauab Jo JaquinN

N
i
- -
| 1 |

174
147

All gene

L]

| |
o L ol

sauab Jo abejuasiad

100~

B

sauab Jo JaquinN
-
N~
<
- -
| |

52
14712
147

To]

All gene

B DE gene

[
[

Lieg

co.Sn

deg

~|Plog o
X

S/dy,

| | |
o -

sauab Jo abejuasiad

A 100

Oluip
fony ™ 1€ ::wogxw

; CO~ 0o Ap,
‘ Cw.mw.s 12 /Ny,

n

n

molecular function

cellular component

biological process

molecular function

cellular component

biological process

| Cellular Processes

7] 8(449%)

I 2 (1.12%)

Peroxisome

| Environmental Information Processing

2 (1.12%)

ABC transporters

Phosphatidylinositol signaling system

10 (5.62%)

1 2(1.12%)
1 2(1.12%)
[ 1 3(1.69%)

Genetic Information Processing

1 7(3.93%)

9 (5.06%)

Proteasome

Nucleotide excision repair

Base excision repair

Homologous recombination

SNARE interactions in vesicular transport

Non-homologous end-joining
Aminoacyl-tRNA biosynthesis

Ribosome biogenesis in eukaryotes

Ubiquitin mediated proteolysis

Spliceosome

Protein processing in endoplasmic reticulum

RNA transport

Metabolism

<
N
©
ol
©
o
-
b

DI

£
2 .
©
Q
©
£y
9
=
[}
=R
e,
£
—_
>
o

1 W 41 f
1)=allClhon DIOSyTiuiIcsis

Amino sugar and nucleotide sugar metabolism

14 (7.87%)

~ e~~~ ~

Metabolism

)

1 (33.33%)
1(33.33%
1 (33.33%)

Y

Pyruvate metabolism

30%

1
20%
Annotated Genes

10%

40%

0%

Nicotinate and nicotinamide metabolism

Butanoate metabolism
Oxidative phosphorylation
Glycolysis / Gluconeogenesis

Carbon fixation in photosynthetic organisms

XXX
SRR
© © ©
e
® oo

X
o)
©

SEEQ
L0569
© 5 0 £
T aoag
S o ® S
= 3
gLe8
dmm..m
o Q0
— 4 C
B
o€ oo
2852
mopG
asS 9=
235 -
P!

C =
(LT

o
=
S

=
o

o)

=
o
>

ism
ism

Cysteine and methionine metabo
Selenocompound metabo

Phenylalanine, tyrosine and tryptophan biosynthesis

1
[s2]

ism
ism

Galactose metabo

Arginine and proline metabo

—_— e o o o

Ism

Terpenoid backbone biosynthesis

Starch and sucrose metabolism
Carbon metabolism

Amino sugar and nucleotide sugar metabolism

I © (5.06%)

0%

10%

Annotated Genes





OPS/images/fmicb-11-01443-g005.jpg
Pb2*

(

—> DEGs

trace element
-transporter

Antioxidants
'7

Signal transduction X)

( nucleus )

.-‘ h'
Vacuole

.!bl*' -pbz+
sequestration

trace element-transporter /

M






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impact of Pb on Chlamydomonas reinhardtii at Physiological and Transcriptional Levels



		INTRODUCTION



		MATERIALS AND METHODS



		Algae Culture and Treatments



		Basic Parameters Analysis



		Cell Density



		Enzymatic Assays







		Transcriptome Analysis



		RNA Extraction and Sequencing



		Construction of Transcriptomic Library



		Gene Functional Annotation



		Quantification of Gene Expression Levels



		Validation of DEG Expression With Quantitative Real-Time PCR (qRT-PCR)



		Gene Ontology (GO) Enrichment Analysis



		KEGG Pathway Enrichment Analysis











		RESULTS



		Physiological Analysis of C. reinhardtii Under the Lead Treatment



		Transcriptome Analysis of C. reinhardtii Under the Lead Treatment



		General Transcriptome Analysis of C. reinhardtii Response to Lead Stress



		Differentially Expressed Genes (DEGs) Affected by the Lead Treatment



		Annotations of Differentially Expressed Genes (DEGs)



		The Results of Real-Time Quantitative PCR











		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-01443-g001.jpg
B 80 pmol-L"

[_]0 pmol-L"
7”13 pmol-L"

—_—
<
N
o
£
=
o g
s 2
® 2 £
© )
o
O
© q
=
©
©
o S
©
LI DL DL DL DL DL A DL DR |
0 N~ © v < ™ N @« ©o

M (asnynd 7-Bw) Jusjuod jjAydoiojyd |ejo L

B 80 pmol-L"

7”13 pmol-L"

[]0 pmol-L"

——0 pmol-L"
—— 3 pmol-L"’
—— 80 pmol-L"

-2 it
3
3 g
S o o
£ £
o o
s 2 2
(&) (&)
- &
3
T T T T T T r T T T T T T T 1
o o o o o o o o ) N~ © 1) < © N - o
S = S = S = S o o o o 1) o o <) o
o S S S =) ) =)
T & 8 8 8 § R§ (W4/A4) 11Sd 0 Aouaioyya [edrwayoojoyd [ewixepy

< (,lw 1199) Aysuap |jo9 O





OPS/images/fmicb-11-01443-g002.jpg
[ K]

[0 pymol-L"
7] 3 umol-L"
BN 80 pmol-L"

Culture time (d)

A
6 -
— 5-
i
o
o 4-
€ a
=) I
> 3+ 1l
2
©
© 2
=
<
o 4
0
C
100 -
< 80+
8
o
o
£
a 60"
>
= a
= T
g 404 £
(3
o
o 204
0

Culture time (d)

_L%}J

[0 uymol-L"
[ 7]3 pmol-L"
BN 80 umol-L"

MDA (nmol ™9™

'[_J0 pumol-L"' 77 3 pmol-L" BN 80 ymol-L"

3.0 4

2.5+

2.0 4

1.5

1.0 4

0.5+

a
a a
T T a
l / -
I ]
3d 7d

Culture time (d)

Hio

b

[0 pmol-L"
7] 3 pmol-L"
BN 80 pmol-L"

0.0

Culture time (d)






OPS/images/fmicb-11-01443-e000.jpg
cDNA Fragments

FPKM =
Mapped Fragments (Millions) x Trascript Length (kb)






OPS/images/cover.jpg
’ frontiers
in Microbiology

Impact of Pb on
Chlamydomonas reinhardtii
at Physiological
and Transcriptional Levels





OPS/images/fmicb-11-01443-t004.jpg
Gene ID Annotation Group RNA-seq qPCR
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NA, not analyzed; Inf, infinity. RNA-seq and gPCR is the average result of
different replicates.
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COG, Clusters of Orthologous Groups of proteins; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; KOG, eukaryotic Orthologous Groups; NR,
NCBI non-redundant nucleotide sequences; Pfam, Protein family; Swiss-Prot, A manually annotated and reviewed protein sequence database.
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