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Metal presence in the aquatic ecosystem has increased and diversified over the last decades due to anthropogenic sources. These contaminants cause abiotic stress on living organisms that lead to the production of oxidizing molecules. Phenolic compounds are part of the defense mechanisms countering metal toxicity. In this study, the production of phenolic compounds by Euglena gracilis under three different metal stressors (i.e. cadmium, copper, or cobalt) at sub-lethal concentration was assessed using an untargeted metabolomic approach by mass spectrometry combined with neuronal network analysis (i.e. Cytoscape). The metal stress had a greater impact on molecular diversity than on the number of phenolic compounds. The prevalence of sulfur- and nitrogen-rich phenolic compounds were found in Cd- and Cu-amended cultures. Together these results confirm the impact of metallic stress on phenolic compounds production, which could be utilized to assess the metal contamination in natural waters.
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1 Introduction

The contamination of aquatic ecosystems has become a global concern (Feng et al., 2021) and can cause adverse impacts on aquatic ecosystems and human health (Stumm and Morgan, 1996). Some metals, such as Cu, and Co, play a significant role in the functioning of algae as an important component of enzymes and photosynthetic systems. These essential metals are necessary for growth and development, but elevated concentrations can have detrimental physiological effects on the physiology, morphology, and biochemistry of cells (Mathur et al., 2016; Deng et al., 2020; Nguyen et al., 2023). Their excess can cause adverse physiological effects. Other metals, such as Cd(II), are often reported in water bodies because of their numerous applications in industrial processes (Bulgariu and Bulgariu, 2005; Blanco-Vieites et al., 2022), but do not play any role in the cell metabolism process. Their presence can cause the inhibition of cell growth, disturbance of the photosynthesis process, and changes in cell permeability (Watanabe and Suzuki, 2002; Bergsten-Torralba et al., 2020; He et al., 2021).

One of the cellular responses to metal stress can induce the production of harmful oxidative molecules, such as free radicals and reactive oxygen species (ROS), which can upset the redox balance causing oxidative stress and leading to cellular damage and even apoptosis (León-Vaz et al., 2021). The defense system implements diverse mechanisms of action to regain homeostasis, which is crucial for normal cell activity. The production of exogenous and endogenous compounds with antioxidant properties, like glutathione, carotenoids, and polyphenols, can help scavenge oxidizing molecules (Poljsak, 2011; Pisoschi and Pop, 2015). The energy cost to synthesize them is relatively high but is necessary to preserve cell integrity and limit cellular damage.

Phenolic compounds often referred to as polyphenols, are secondary metabolites (Lindner and Pleissner, 2019) synthesized by organisms through the shikimate and phenylpropanoid metabolic pathways in response to external stimuli (Randhir et al., 2004; Sharma et al., 2019). These metabolites play an essential role in defense mechanisms against oxidative species (Naikoo et al., 2019). The presence of hydroxyl and carboxyl groups helps chelate metals and thus reduces oxidative stress (Michalak, 2006; Korzeniowska et al., 2020). There has been a growing interest in recent years for these important natural antioxidants and their chelating ability but only a few reports have focused on the analysis of bioactive phenolic compounds and their implication in algal growth under metal stress (Onofrejová et al., 2010; Rico et al., 2013).

Growth under metallic stress can increase the production of chelating metabolites (Alvilés et al., 2005; Holguin and Schaub, 2013; Mangal et al., 2019). Previous studies have observed an enhancement of the phenylpropanoid metabolic pathway, thus the number of phenolic compounds under various stress conditions (Michalak, 2006; Šamec et al., 2021). Cadmium (Cd) is a non-essential metal extremely toxic to living organisms causing significant negative effects on the diverse metabolic pathways, growth, and photosynthesis (Qian et al., 2009; Monteiro et al., 2011; Cerventes-Garcia et al., 2016) and is easily absorbed and accumulated by the organisms (Jamers et al., 2013; Griboff et al., 2018). Copper (Cu) is an essential metal used in numerous physiological processes but becomes toxic at higher concentrations (Gaetke and Chow, 2003; Rico et al., 2013) leading to DNA damage (Mittler, 2002; Knauert and Knauer, 2008). Cobalt (Co) is also an essential metal and a constituent of vitamin B12 required for cellular growth (Adam and Garnier-Laplace, 2003; dos Reis et al., 2021). In presence of high concentrations of Co(II), the syntheses of chlorophyll a and chlorophyll b (El-Sheekh et al., 2003; Fathi et al., 2008) and RNA (Nowicka, 2022) is disturbed.

This study aims to assess the molecular composition of phenolic compounds produced by the eukaryotic Euglena gracilis cells under metal stress (Cd, Co, Cu) using an untargeted metabolomic approach. The protist, Euglena gracilis, can tolerate elevated metal contaminations (ppm range; Zhang et al., 2016; Winters et al., 2017) via the production of a range of chelating metabolites that complex metals ions into a tolerable physiological form (Zenk, 1996; Khatiwada et al., 2020). An untargeted metabolomic approach will be used to assess the changes in the phenolic profiles in response to the metal stress.




2 Materials and methods



2.1 Cell growth and biomass harvesting

The Euglena gracilis strain CPCC469 purchased from the Canadian Phycological Culture Centre (University of Waterloo, Canada) was grown in pre-combusted 250 mL Erlenmeyer flasks containing 100 mL of modified acid medium (MAM; Bernard and Guéguen, 2022) supplemented with 5 g L-1 of glutamic acid at pH 3. The photoautotrophic cultivation was carried out at 25°C under illumination 16:8 h (light: dark) at 2800 Lumens Sylvania® fluorescent lamp (2x F32W-GRO-LUX). The euglenoid cells in the exponential growth phase (initial cell density of 1.0 x 106 cell mL-1; in biological duplicate) were exposed to a single metal solution (i.e., Cd(NO3)2,4H2O or Cu(SO4),5H2O or Co(NO3)2, 6H2O; SigmaAdrich) with nominal concentrations ranging from 4x10-5 to 20 ppm for Cd(II), from 3x10-5 to 130 ppm for Cu(II), and from 2x10-5 to 103 ppm for Co(II). A triplicate control culture (no metal added) was also conducted under the same condition. A hemocytometer-based trypan blue assay and a light microscope (Leica DM500) were used to quantify living cells in each replicate. The metal concentration required to cause cell death in half of the cells (EC50) was calculated using OriginPro 2020.

To assess the molecular composition of phenolic compounds, Euglena gracilis cells were exposed to the EC50-72h of the metal. After 72h the biomass was harvested, centrifuged, thoroughly washed with Milli-Q water, and freeze-dried for subsequent analysis.




2.2 Phenolic compounds extraction and HPLC separation

The freeze-dried biomass (50 mg) was sonicated for 1h in an ultrasonic bath. The phenolic compounds were then extracted with a mixture of aqueous methanol (85%), 2,3-ter-butyl-4-hydroxyanisol (2 g L-1), and formic acid (0.1%). After centrifugation (4900 rpm, 30 min), the supernatant was evaporated with a rotary evaporator at 30°C. Resuspension was done in methanol (20%) and acidified water (1% formic acid) followed by filtration using a 0.2-µm polyethersulfone filter. Phenolic compounds were separated by gradient elution high-performance liquid chromatography (HPLC) coupled with a diode array detector. The chromatographic separation was performed according to Bernard and Guéguen (2022), using a reversed-phase column. Three chromatographic fractions were collected: 4.2-4.7 min (fraction 1; F1), 6.8-7.3 min (fraction 2; F2), and 10.8-11.3 min (fraction 3; F3) for MS analysis.




2.3 Mass spectrometry analysis

Catechin (m/z = 289.072; 4µmol L-1 in 50:50 v/v MeOH: Milli-Q water) was added to all the chromatographic fractions as an internal standard (Figure S1). The chromatographic fractions were then introduced into an electrospray ion source by direct infusion with a flow rate of 300 µL h-1 and ionized in a negative mode (source capillary voltage -5000 V). The MS analysis was done using a MAXIS time–of-flight mass spectrometer (Bruker). The signal acquisition was done across an m/z range of 100-1000 over 2 min lapse and in duplicate for each sample. An external standard (sodium formate) was used for instrumental calibration from day to day. MS grade methanol was infused between each sample to minimize sample carryover. A blank sample spectrum was also acquired every 10 samples and all m/z found in the blank were removed in the subsequent sample spectra. Spectral processing was conducted using Bruker compass DataAnalysis (v4.4) where a mass list was generated at S/N > 4 and a relative intensity cut-off of 0.1%. The formulas, corresponding to m/z within a 10 ppm mass error, were then attributed using the SmartFormula (DataAnalysis v4.4) with the following criteria: 12C(1-50), 1H(1-100), 16O(1-30), 14N(0-2), 32S(0-2). Only m/z present in both replicate samples was kept for the phenolic analysis. Phenolic compounds were defined as 0.6< H/C< 1.5 and 0.3< O/C< 0.85 (Kuhnert et al., 2013; Ngoc et al., 2019) and modified aromaticity index (AImod) inferior to 0.67 (Koch and Dittmar, 2016).

The abundance-based diversity (DA) values were calculated based on the Gini-Simpson index (Gotelli and Chao, 2013) and adapted to molecular mixtures (equation 1). It helps describe the distribution of phenolic compounds across formulas by considering the number of formulas identified and their relative intensity (Mentges et al., 2017). The index ranges from 0 to 1 and represents the probability that randomly chosen formulas to differ from one another (Mentges et al., 2017).

 

Where N is the total number of formulas in the data set, pi represents the sum-normalized signal intensity of the i-th formula and i represents each of the formulas of the data set.

The different atomic ratios (O/C, H/C, S/C, and N/C) were calculated based on the formula attributed to each phenolic compound found in the different samples. The double-bond equivalent (DBE, equation 2) represents the sum of instaurations and rings in a molecule (Koch and Dittmar, 2016). The modified aromaticity index (AImod, equation 3) is used to calculate the potential heteroatom contribution, particularly oxygen, to the double bond in a molecule (Koch and Dittmar, 2016).

 

 




2.4 Metabolites network analysis

The network analysis was conducted using the Cytoscape software with the MettaNetter application (Longnecker and Kujawinski, 2016). This type of neuronal network analysis allows the visualization of HR-MS m/z and the quantification of their interactions (Jourdan et al., 2008; Smoot et al., 2011). Briefly, the complete list of phenolic m/z was imported into Cytoscape where each m/z was treated as a node (Figure S2). A pre-defined list of common metabolites found in living cells including chemical building blocks of organic molecules, such as amino acid and nucleic acid was also imported (Table S1; Longnecker and Kujawinski, 2016; Mangal et al., 2017). The exact mass differences between nodes were then calculated and defined as edges if they matched any of the listed metabolites within a ±2 ppm error (Figure S2). Networks of metabolites between m/z were then created and visualized. The relative abundance of each metabolite is reported here.




2.5 Statistical analysis

The Shapiro-Wilk normality test was performed followed by the Wilcoxon nonparametric (R studio). A significant difference was considered at the level of p< 0.05.





3 Results and discussion



3.1 Metal toxicity

Metal toxicity varies between different aquatic microorganisms species because of the variability of defense mechanisms and capacity to limit the metal concentration in cellular compartments thus restraining damages. The EC50 values for Cd, Cu, and Co were 2.7 ± 1.0 ppm, 16.0 ± 2.2 ppm, and 190.7 ± 39.9 ppm, respectively (r2 > 0.88; Figure 1). The toxicity of Cd for two microalgae Chlorella elliposoidea and Raphidocelis subcapitata microalgae were between 0.09 and 0.43 ppm (Magdaleno et al., 2014; dos Reis et al., 2021) whereas the EC50 of Cu2+ and Co2+ were reported to be 0.048 and 0.030 ppm for Pseudokirchneriella subcapitata (Al-Hasawi et al., 2020). The E. gracilis EC50 values were higher than the EC50 of other aquatic organisms confirming the good tolerance of E. gracilis to metal (Moreno-Sánchez et al., 2017). As expected, the lower EC50 values were found for the non-essential metal Cd whereas higher EC50 values were associated with the essential metal Co. Cd was reported to inhibit the synthesis of chlorophyll and carotenoids and the enzymes involved in CO2 fixation in many algal species (Nagajyoti et al., 2010; He et al., 2021; Mo et al., 2022) whereas the harmful effects for Cu and Co are related to the production of reactive oxygen species and lipids (Stauber and Florence, 1987; dos Reis et al., 2021).




Figure 1 | Concentration-response curves for Euglena gracilis cells exposed to (A) Cd, (B) Cu, and (C) Co.






3.2 Metal effects on phenolic compound production

The three chromatographic fractions (Figure S4) did not show any significant trends between fractions for the elemental ratios (O/C, H/C, N/C, and S/C) and indices (modified aromaticity index, double bond equivalent, nominal oxidation state of carbon). All phenolic compounds reported in this study are listed in Supplemental Table S1. Significant trends were found when the phenolic compound fractions (F1+F2+F3) were combined. The relative abundance and number of phenolic compounds were significantly lower in the control than in the metal cultures (p< 0.05; Figure 2). For example, the relative intensity of phenolic compounds accounted for 2.04 ± 0.11% in the control compared to 2.88 ± 0.10 and 3.02 ± 0.13 in metal cultures (Figure 2A). The metal exposure led to a significant increase in phenolic compound production for all metals, consistent with the implication of phenolic compounds in stress mitigation (Šamec et al., 2021). Interestingly, no significant differences were found in relative intensity and number of phenolics between the three metal treatments (p > 0.05). This means that exposure at EC50 values for metals leads to comparable concentration and abundance of phenolic compounds and thus similar cellular oxidative stress.




Figure 2 | (A) Relative intensity and (B) number of cellular polyphenols in control (CTRL) and metal treatments. Different superscript letters indicate significant differences (p<0.05) determined by the Wilcoxon test.






3.3 Molecular diversity of phenolic compounds

The abundance-based diversity (DA) of the metal cultures spanned from 0.9985 ± 0.0002 to 0.9988 ± 0.0002 which is significantly lower than in the control culture (0.9992 ± 0.0001; Figure 3). Larger values of DA indicate higher diversity, which means that the control culture had significantly higher diversity than the metal cultures. The phenolic compounds are involved in growth, cell division, and other activities but in a period of intense metal stress, cells are in survival mode pausing the majority of cell activities and favoring defense mechanisms (Michalak, 2006; Šamec et al., 2021). In contrast, the control culture showed a greater phenolic DA to maintain a variety of cellular processes for which less specific phenolic compounds are required. Since DA ranges from 0 to 1, it is possible to observe a great diversity of phenolic compounds produced by E. gracilis for all cultures (Caso and Gil, 1988; Rai and Kim, 2020). The diversity values were relatively high in all samples (over 0.99) compared to diversity values in previous population diversity studies of archaea, algae, and bacteria (0.1-0.96; Madigou et al., 2016; Liu et al., 2020).




Figure 3 | Abundance-based diversity (DA) of cellular phenolic compounds in control and metal treatments (cadmium, copper, and cobalt). Different superscript letters indicate significant differences (p<0.05) determined by the Wilcoxon test.



The weighted average m/z (m/z(wa)) of phenolic compounds was 408.04 ± 10.42 in the control culture and 388.67 ± 7.27 to 403.29 ± 6.47 in metal-stressed cultures (Figure 4). No significant difference in m/z(wa) was found between control and metal treatments, and between metal treatments, suggesting that the metal stress did not play a significant role in the m/z(wa) of produced phenolics. The stressed cells produced smaller phenolic compounds because the focus is to limit cellular damages caused by the exposition to metals causing oxidative stress. Thus, the energy is used for defense mechanisms instead of being used to produce complex metabolites (Hadacek and Bachmann, 2015; Anjitha et al., 2021; Feng et al., 2021).




Figure 4 | Weighted average m/z of cellular phenolic compounds found in control and metal treatments (cadmium, copper, and cobalt). Different superscript letters indicate significant differences (p<0.05) determined by the Wilcoxon test.






3.4 Molecular characteristics of phenolic compounds under metallic stress

In terms of elemental ratios (Figures 5A-D), significant differences in the elemental ratios of the phenolic compounds were found. The phenolic compounds had significantly lower O/C, H/C, and N/C ratios in the Cd-treatment than in the control (p< 0.05). The Co-treatment showed significantly higher H/C, N/C, and S/C ratios than the control (p< 0.05). The differences for the Cd-treatment suggested that the cellular phenolics were less oxygenated, more unsaturated, and N-poor in this treatment. The unsaturation was also confirmed by the higher DBE (0.86 ± 0.15, Figure 5E) and AImod (0.390 ± 0.011, Figure 5F) in the Cd-treatment. It is worth noticing that the cellular phenolic produced in the Co-amended cultures showed the opposite profile with a predominance of oxygenated (high O/C), saturated (high H/C), N enriched (high N/C) and S enriched (high S/C) compared to the control and Cu treatment. Together these results showed that the phenolic profile was metal specific.




Figure 5 | Weighted elemental (A) O/C, (B) H/C, (C) N/C, and (D) S/C ratios, (E) DBE, and (F) AImod of cellular phenolic compounds in control, cadmium, copper, and cobalt treatments. Different superscript letters indicate significant differences (p<0.05) determined by the Wilcoxon test.






3.5 Network analysis of phenolic compounds

The Cytoscape network-based pathway analyses found 21 to 33 different metabolites in the control and stressed cells (Figure 6). The metabolites were grouped based on the presence of heteroatoms: sulfur (Group 1), nitrogen (Group 2), nitrogen and oxygen (Group 3), and oxygen (Group 4) (Figure 6). The metal-exposed cultures showed a greater abundance of heteroatoms containing metabolites (Groups 1, 3, and 4) because of the specific affinity for a metal type (Sten Ahrland et al., 1958). The type B metal, Cd, is known to promote sulfur-containing ligands, like cysteine and methionine (Group 1; Figure 6). Cobalt, a type-A metal, favors oxygen-containing metabolites (Group 3 - 4; Figure 6). Copper presents a less distinct profile favoring metabolites from all groups (Figure 6), which may be explained by the fact that this metal presents a different classification depending on its oxidation state (Duffus, 2002).




Figure 6 | Metabolites found by network analysis corresponding to cellular phenolic compounds in control, cadmium, copper, and cobalt treatments. Groups 1-4 represent sulfur-, nitrogen-, nitrogen- and oxygen-, and oxygen-rich metabolites, respectively. The relative intensity is indicated by the color scale.



Glyoxylate (Group 4), a metabolite, involved in the anabolic metabolic pathway derived from the TCA cycle occurring in plants, bacteria, protists, and fungi (Chew and Than, 2021), is found in both control and metal treatments. The greater abundance of glyoxylate in the control cells confirmed that the metabolic machinery was optimal. Its reduced abundance in metal-stressed cells suggests that the defense mechanisms pathway was put on hold on other basic activities. Another metabolite found in all four cultures is adenine (Group 2), one of the four chemical bases in DNA. Unlike glyoxylate, adenine was more frequently found in metal-exposed cultures. Adenine, is one of the 2 nitrogenous bases of purine, with its derivatives (ATP, NAD, FAD) involved in cellular respiration and protein synthesis (Glavin et al., 2018). Allantoin, a purine intermediary metabolite can enhance abiotic stress tolerance via the activation of abscisic acid metabolism (Watanabe et al., 2014). Abscisic acid is a phytohormone implicated in normal growth and development in addition to playing a crucial role in integrating stress signals and controlling downstream stress signals (Tutreja, 2007). This may explain why adenine, via its intermediary, occurred more frequently in stress cultures than in the control.





4 Conclusion

The study assessed the molecular characteristics of phenolics produced by the eukaryotic E. gracilis when exposed to toxic levels of metal. The cellular extracts of metal-stressed cultures presented a significantly higher phenolic abundance than in the control culture, likely the result of the activation of defense mechanisms and the pausing of normal cellular activities. The molecular diversity in phenolic compounds determined by the Gini-Simpson index was significantly reduced to favor syntheses of less complex metabolites involved in metal stress management. The total number of phenolic compounds was similar between the three metal treatments meaning that the inherent metal toxicity did not influence the number of phenolic compounds but rather their molecular composition. The metal stress resulted in significant changes in the elemental ratios, unsaturation levels, and heteroatom abundances of the cellular phenolic compounds. Understanding the impact of metal exposure on phenolic compounds production and composition help identify conditions favoring specific metabolites with specific molecular characteristics.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

EB, research design, experimentation, drafting, and statistical analysis. CG, research design, supervision, and review. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by funding through the Natural Sciences and Engineering Research Council of Canada (RGPIN 341931-2013, RGPIN 2021-03984 and STPGP 521417-2018).




Acknowledgments

We would like to thank Asma Farjallah, Philippe Venne, and René Gagnon for their help and technical assistance.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1099375/full#supplementary-material




References

 Adam, C., and Garnier-Laplace, J. (2003). Bioaccumulation of silver-110m, cobalt-60, cesium-137, and manganese-54 by the freshwater algae Scenedesmus obliquus and Cyclotella meneghiana and by suspended matter collected during summer bloom event. Limnol. Oceanogr. 48 (6), 2303–2313. doi: 10.4319/lo.2003.48.6.2303

 Al-Hasawi, Z. M., Abdel-Hamid, M. I., Almutairi, A. W., and Touliabah, H. E. (2020). 2020. response of Pseudokirchneriella subcapitata in free and alginate immobilized cells to heavy metals toxicity. Molecules 25 (12), 2847. doi: 10.3390/molecules25122847

 Alvilés, C., Torres-Márquez, M., Mendoza-Cózatl, D., and Moreno-Sánchez, R. (2005). Time-course development of the Cd2+ hyper-accumulating phenotype in euglena gracilis. Arch. Microbiol. 184 (2), 83–92. doi: 10.1007/s00203-005-0013-4

 Anjitha, K. S., Sameena, P. P., and Puthur, J. T. (2021). Functional aspects of plant secondary metabolites in metal stress tolerance and their importance in pharmacology. Plant Stress 100038, 1–14. doi: 10.1016/j.stress.2021.100038

 Bergsten-Torralba, L. R., Magalhaes, D. P., Giese, E. C., Nascimento, C. R. S., Pinho, J. V. A., and Buss, D. F. (2020). Toxicity of three rare earth elements, and their combinations to algae, microcrustaceans, and fungi. Ecotoxicol. Environ. Saf. 201, 110795. doi: 10.1016/j.ecoenv.2020.110795

 Bernard, E., and Guéguen, C. (2022). Influence of carbon sources on the phenolic compound production by Euglena gracilis using an untargeted metabolomic approach. Biomolecules 12, 795. doi: 10.3390/biom12060795

 Blanco-Vieites, M., Suárez-Montes, D., Delgado, F., Álvarez-Gil, M., Hernández Battez, A., and Rodríguez, E. (2022). Removal of heavy metals and hydrocarbons by microalgae from wastewater in the steel industry. Algal Res. 64, 1–10. doi: 10.1016/j.algal.2022.102700

 Bulgariu, L., and Bulgariu, D. (2005). “Bioremediation of toxic heavy metals using marine algae biomasse,” in Green materials for wastewater treatment. Eds.  E. Lichtfouse, J. Schwarzbauer, and D. Robert (Springer), 69–98.

 Caso, C., and Gil, M. A. (1988). The gini-simpson index of diversity: estimation in the stratified sampling. Commun. Stat - Theory Methods 17 (9), 2981–2995. doi: 10.1080/03610928808829784

 Cerventes-Garcia, D., Troncoso-Rojas, R., Sánchez-Estrada, A., González-Mendoza, D., Gutierrez-Miceli, F., Ceceña-Duran, C., et al. (2016). Effects of cadmium on total phenolic compounds and flavonoids in euglena gracilis. Gayana 80 (1), 1–5. doi: 10.4067/S0717-65382016000100001

 Chew, S. Y., and Than, L. T. L. (2021). Glucose metabolism and use of alternative carbon sources in medically-important fungi. Encyclopedia Mycol. 1 220–229. doi: 10.1016/B978-0-12-819990-9.00068-8

 Deng, J., Fu, D., Hu, W., Wu, Y., and Bryan, H. (2020). Physiological responses and accumulation ability of Microcystis aeruginosa to zinc and cadmium: Implications for bioremediation of heavy metal pollution. Biroresource Technology 303. doi: 10.1016/j.biortech.2020.122963

 dos Reis, L. L., de Oliveira Goncalves Alho, L., de Abreu, C. B., and da Graca Gama Melão, M. (2021). Using multiple endpoints to assess the toxicity of cadmium and cobalt for chlorophycean Raphidocelis subcapitata. Ecotoxicol. Environ. Saf. 208, 111628. doi: 10.1016/j.ecoenv.2020.111628

 Duffus, J. H. (2002). “Heavy metals” – a meaningless term? (IUPAC technical report). Pure Appl. Chem. 74 (5), 793–807. doi: 10.1351/pac200274050793

 El-Sheekh, M. M., El-Naggar, A. H., Osman, M. E. H., and El-Mazaly, E. (2003). Effect of cobalt on growth, pigments and the photosynthetic electron transport in Monoraphidium minutum and nitzchia perminuta. Braz. J. Plant Physiol. 15 (3), 159–166. doi: 10.1590/S1677-04202003000300005

 Fathi, A., El-Shahed, A., Shoulkamy, M., Ibraheim, H., and Abdel Rahman, O. (2008). Response of Nile water phytoplankton to the toxicity of cobalt, copper and zinc. Res. J. Environ. Toxicol. 2 (2), 67–76. doi: 10.3923/rjet.2008.67.76

 Feng, Z., Ji, S., Ping, J., and Cui, D. (2021). Recent advances in metabolomics for studying heavy metal stress in plants. Trends Analytical Chem. 143, 1–12. doi: 10.1016/j.trac.2021.116402

 Gaetke, L. M., and Chow, C. K. (2003). Copper toxicity, oxidative stress, and antioxidant nutrients. Toxicology 189, 147–163. doi: 10.1016/S0300-483X(03)00159-8

 Glavin, D. P., Conel, C. M. O., Aponte, J. C., Dworkin, J. P., Elsila, J. E., and Yabuta, H. (2018). “The origin and evolution of organic matter in carbonaceous chondrites and links to their parent bodies,” in Primitive meteorites and asteroids: physical, chemical, and spectroscopic observations paving the way to exploration. Ed.  N. Abreu (Elsevier), 205–271.

 Gotelli, N. J., and Chao, A. (2013). “Measuring and estimating species richness, species diversity, and biotic similarity from sampling data,” in Encyclopedia of biodiversity: second edition. Ed.  S. Levin (Elservier), 195–211.

 Griboff, J., Horacek, M., Wunderlin, D. A., and Monferran, M. V. (2018). Bioaccumulation and trophic transfer of metals, as and Se through a freshwater food web affected by antrophic pollution in córdoba, Argentina. Ecotoxicol. Environ. Saf. 148, 275–284. doi: 10.1016/j.ecoenv.2017.10.028

 Hadacek, F., and Bachmann, G. (2015). Low-molecular-weight metabolite systems chemistry. Front. Environ. Sci. 3, 1–21. doi: 10.3389/fenvs.2015.00012

 He, J., Liu, C. C., Du, M., Zhou, X., Hu, Z., Lei, A., et al. (2021). Metabolic responses of a model green microalga Euglena gracilis to different environmental stresses. Front. Bioeng. Biotechnol. 9. doi: 10.3389/fbioe.2021.662655

 Holguin, F., and Schaub, T. (2013). Characterization of microalgal lipid feedstock by direct infusion FT ICR mass spectrometry. Algal Res. 2, 43–50. doi: 10.1016/j.algal.2012.11.005

 Jamers, A., Blust, R., de Coen, W., Griffin, J. L., and Jones, O. A. H. (2013). An omics based assessment of cadmium toxicity in the green alga Chlamydomonas reinhardtii. Aquat. Toxicol. 126, 355–364. doi: 10.1016/j.aquatox.2012.09.007

 Jourdan, F., Breitling, R., Barrett, M. P., and Gilbert, D. (2008). MetaNetter: inference and visualization of high-resolution metabolomic networks. Bioinformatics 24 (1), 143–145. doi: 10.1093/bioinformatics/btm536

 Khatiwada, B., Hasan, M. T., Sun, A., Kamath, K. S., Mirzaei, M., Sunna, A., et al. (2020). Proteomic response of Euglena gracilis to heavy metal exposure – identification of key proteins involved in heavy metal tolerance and accumulation. Algal Res. 45, 1–11. doi: 10.1016/j.algal.2019.101764

 Knauert, S., and Knauer, K. (2008). The role of reactive oxygen species in copper toxicity to two freshwater green algae. J. Phycol. 44 (2), 311–319. doi: 10.1111/j.1529-8817.2008.00471.x

 Koch, B. P., and Dittmar, T. (2016). From mass to structure: an aromaticity index for high-resolution mass data of natural organic matter. Rapid Commun. Mass Spectrometry 30, 250. doi: 10.1002/rcm.7433

 Korzeniowska, K., Lęska, B., and Wieczorek, P. P. (2020). Isolation and determination of phenolic compounds from freshwater Cladophora glomerate. Algal Res. 48, 1–11. doi: 10.1016/j.algal.2020.101912

 Kuhnert, N., Dairpoosh, F., Yassin, G., Golon, A., and Jaiswal, R. (2013). What is under the hump? mass spectrometry based analysis of complex mixtures in processed food – lessons from the characterization of black tea thearubigins, coffee melanoidines and caramel. Food Funct. 4, 1130–1147. doi: 10.1039/c3fo30385c

 León-Vaz, A., León, R., Giráldez, I., Vega, J. M., and Vigara, J. (2021). Impact of heavy metals in the microalga Chlorella sorokiana and assessment of its potential use in cadmium bioremediation. Aquat. Toxicol. 239, 1–7. doi: 10.1016/j.aquatox.2021.105941

 Lindner, A. V., and Pleissner, D. (2019). Utilization of phenolic compounds by microalgae. Algal Res. 42, 1–9. doi: 10.1016/j.algal.2019.101602

 Liu, S., Gibson, K., Cui, Z., Chen, Y., Sun, X., and Chen, N. (2020). Metabarcoding analysis of harmful algal species in jiaozhou bay. Harmful Algae 92, 1–12. doi: 10.1016/j.hal.2020.101772

 Longnecker, K., and Kujawinski, E. B. (2016). Using network analysis to discern compositional patterns in ultrahigh-resolution mass spectrometry data of dissolved organic matter. Rapid Commun. Mass Spectrometry, 30, 2388–2394. doi: 10.1002/rcm.7719

 Madigou, C., Poirier, S., Bureau, C., and Chapleur, O. (2016). Acclimation strategy to increase phenol tolerance of an anaerobic microbiota. Biores. Technol. 216, 77–86. doi: 10.1016/j.biortech.2016.05.045

 Magdaleno, A., Vélez, C. G., Wenzel, M. T., and Tell, G. (2014). Effects of cadmium, copper and zinc on growth of four isolated algae from a highly polluted Argentina river. Bull. Environ. Contamination Toxicol. 92 (2), 202–207. doi: 10.1007/s00128-013-1171-8

 Mangal, V., Phung, T., Nguyen, T. Q., and Guéguen, C. (2019). Molecular characterization of mercury binding ligands released by freshwater algae grown at three photoperiods. Front. Environ. Sci. 6, 1–10. doi: 10.3389/fenvs.2018.00155

 Mangal, V., Shi, Y. X., and Guéguen, C. (2017). Compositional changes and molecular transformations of dissolved organic matter during the arctic spring floods in the lower Churchill watershed (Northern Manitoba, Canada). Biogeochemistry 136 (2), 151–165. doi: 10.1007/s10533-017-0388-8

 Mathur, S., Kalaji, H. M., and Jajoo, A. (2016). Investigation of deleterious effects of chromium phytotoxicity and photosynthesis in wheat plant. Photosynthetica 54 (2), 185–192. doi: 10.1007/s11099-016-0198-6

 Mentges, A., Feenders, C., Seibt, M., Blasius, B., and Dittmar, T. (2017). Functional molecular diversity of marine dissolved organic matter is reduced during degradation. Front. Mar. Sci. 4, 1–10. doi: 10.3389/fmars.2017.00194

 Michalak, A. (2006). Heavy metals toxicity phenolic compounds and their antioxidant activity in plants growing under heavy metal stress. Polish J. Environ. Stud. 15 (4), 523–530.

 Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7 (9), 405–410. doi: 10.1016/S1360-1385(02)02312-9

 Mo, L., Yang, Y., Zhao, D., Qin, L., Yuan, B., and Liang, N. (2022). Time-dependent toxicity and health mechanism of cadmium to three green algae. Internation J. Environ. Res. Public Health 19, 10974. doi: 10.3390/ijerph191710974

 Monteiro, C. M., Fonseca, S. C., Castro, P. M. L., and Malcata, F. X. (2011). Toxicity of cadmium and zinc on two microalgae, Scenedesmus obliquus and Desmodesmus pleiomorphus, from northern Portugal. J. Appl. Phycol. 23 (1), 97–103. doi: 10.1007/s10811-010-9542-6

 Moreno-Sánchez, R., Rodríguez-Enríquez, S., Jasso-Chávez, R., Saavedra, E., and García-García, J. D. (2017). Biochemistry and physiology of heavy metal resistance and accumulation in Euglena. Adv. Exp. Med. Biol. 979, 91–121. doi: 10.1007/978-3-319-54910-1_6

 Nagajyoti, P. C., Lee, K. D., and Sreekanth, T. V. M. (2010). Heavy metals, occurrence and toxicity for plants: a review. Environ. Chem. Lett. 8, 199–216. doi: 10.1007/s10311-010-0297-8

 Naikoo, M. I., Dar, M. I., Raghib, F., Jaleel, H., Ahmad, B., Raina, A., et al. (2019). “Role and regulation of plants phenolics in abiotic stress tolerance: an overview,” in Plant signaling molecules: role and regulation under stressful environments. Eds.  M. Iqbal, R. Khan, P. S. Reddy, and A. Ferrante (Elsevier), 157–168.

 Ngoc, P. C., Leclercq, L., Rossi, J.-C., Desvignes, I., Hertzog, J., Fabiano-Tixier, A.-S., et al. (2019). Optimizing water-based extraction of bioactive principles of hawthorn: from experimental laboratory research to homemade preparations. Molecules 24, 1–32. doi: 10.3390/molecules24234420

 Nowicka, B. (2022). Heavy metal–induced stress in eukaryotic algae–mechanisms of heavy metal toxicity and tolerance with particular emphasis on oxidative stress in exposed cells and the role of antioxidant response. Environ. Sci. pollut. Res. 29, 16860–16911. doi: 10.1007/s11356-021-18419-w

 Nguyen, NH., Nguyen, QT., Dang, D. H., and Emery, R. J. N. (2023). Phytohormones enhance heavy metal responses in Euglena gracilis: Evidence from uptake of Ni, Pb and Cd and linkages to hormonomic and metabolomic dynamics. Environmental Pollution 320. doi: 10.1016/j.envpol.2023.121094

 Onofrejová, L., Vašíčková, J., Klejdus, B., Stratil, P., Mišurcová, L., Kráčmar, S., et al. (2010). Bioactive phenols in algae: the application of pressurized-liquid and solid-phase extraction techniques. J. Pharm. Biomed. Anal. 51 (2), 464–470. doi: 10.1016/j.jpba.2009.03.027

 Pisoschi, A. M., and Pop, A. (2015). The role of antioxidants in the chemistry of oxidative stress: a review. Eur. J. Medicinal Chem. 97, 55–74. doi: 10.1016/j.ejmech.2015.04.040

 Poljsak, B. (2011). Strategies for reducing or preventing the generation of oxidative stress. Oxid. Med. Cell. Longevity, 2011, 1–15. doi: 10.1155/2011/194586

 Qian, H., Li, J., Sun, L., Chen, W., Sheng, G. D., Liu, W., et al. (2009). Combined effect of copper and cadmium on Chlorella vulgaris growth and photosynthesis-related gene transcription. Aquat. Toxicol. 94 (1), 56–61. doi: 10.1016/j.aquatox.2009.05.014

 Rai, A., and Kim, J. M. (2020). A novel health indicator based on the lyapunov exponent, a probabilistic self-organizing map, and the gini-Simpson index for calculating the RUL of bearings. Measurement 164, 1–11. doi: 10.1016/j.measurement.2020.108002

 Randhir, R., Lin, Y.-T., and Shetty, K. (2004). Phenolics, their antioxidant and antimicrobial activity in dark germinated fenugreek sprouts in response to peptide and phytochemical elicitors. Asia Pacific J. Clin. Nutr. 13 (3), 295–307.

 Rico, M., López, A., Santana-Casiano, J. M., González, A. G., and González-Dávila, M. (2013). Variability of the phenolic profile in the diatom Phaeodactylum tricornutum growing under copper and iron stress. Limnol. Oceanogr. 58 (1), 144–152. doi: 10.4319/lo.2013.58.1.0144

 Šamec, D., Karalija, E., Šola, I., Vujčić Bok, V., and Salopek-Sondi, B. (2021). The role of polyphenols in abiotic stress response: the influence of molecular structure. Plants 10 (1), 1–24. doi: 10.3390/plants10010118

 Sharma, A., Shahzad, B., Rehman, A., Bhardwaj, R., Landi, M., and Zheng, B. (2019). Response of phenylpropanoid pathway and the role of polyphenols in plants under abiotic stress. Molecules 24 (13), 1–22. doi: 10.3390/molecules24132452

 Smoot, M. E., Ono, K., Ruscheinski, J., Wang, P. L., and Ideker, T. (2011). Cytoscape 2.8: new features for data integration and network visualization. Bioinformatics 27 (3), 431–432. doi: 10.1093/bioinformatics/btq675

 Stauber, J. L., and Florence, T. M. (1987). Mechanims of toxicity of ionic copper and copper complexes to algae. Mar. Biol. 94, 511–519. doi: 10.1007/BF00431397

 Sten Ahrland, B., Chatt, J., and Davies, N. R. (1958). The relative affinities of ligand atoms for acceptor molecules and ions. Q. Reviews Chem. Soc., 265–276. doi: 10.1039/qr9581200265

 Stumm, W., and Morgan, J. J. (1996). Aquatic chemistry – chemical equilibria and rates in natural waters (Wiley), 1022.

 Tutreja, N. (2007). Abscisic acid and abiotic stress signaling. Plant Signaling Behav. 2 (3), 135–138. doi: 10.4161/psb.2.3.4156

 Watanabe, S., Matsumoto, M., Hakomori, Y., Takagi, H., Shimada, H., and Sakamoto, A. (2014). The purine metabolite allantoin enhances abiotic stress tolerance through synergistic activation of abscisic acid metabolism. Plant Cell Environ. 37 (4), 1022–1036. doi: 10.1111/pce.12218

 Watanabe, M., and Suzuki, T. (2002). Involvement of reactive oxygen stress in cadmium-induced cellular damage in Euglena gracilis. compar. Biochem. Physiol. Toxicol. Pharmacol. Cbp 131, 491–500. doi: 10.1016/S1532-0456(02)00036-4

 Winters, C., Guéguen, C., and Noble, A. (2017). Equilibrium and kinetic studies of Cu(II) and Ni(II) sorption on living Euglena gracilis. J. Appl. Phycol. 29 (3), 1391–1398. doi: 10.1007/s10811-016-1040-z

 Zenk, M. H. (1996). Heavy metal detoxification in higher plants – a review. Gene 179 (21), 21–30. doi: 10.1016/S0378-1119(96)00422-2

 Zhang, X., Zhao, X., Wan, C., Chen, B., and Bai, F. (2016). Effficient biosorption of cadmium by the self-flocculating microalga Scenedesmus obliquus. Algal Res. 16, 427–433. doi: 10.1016/j.algal.2016.04.002




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Bernard and Guéguen. 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.


OEBPS/Images/fpls-14-1099375-g002.jpg
«
§
8

CADMIUM

CTRL

COPPER

T
CADMIUM

CTRL

—T T T T T
ze ot 82 9z vz 2z 0T

Asuajur aanejay





OEBPS/Images/fpls-14-1099375-g005.jpg
A 058 a B 1.040

0.570 1.020 4
0.560 a ab 1.000
- 0.550 0.980
© -
g. g'zg b S 0.960 -
=" O 0. 4
O 0520 I 0.940
0.510 0.920 1
0.500 0.900 -
0.490 0.880 4
0.480 0.860
CTRL Cadmium  Copper Cobalt TRL Cadmium  Copper Cobalt
C  0.0800 , a D 0.0350 a
0.0700 4 0.0300
b
0.0600 4 0.0250
—~ 0.0500 - b —_
; ‘;' 0.0200
S 0.0400 - . S
0.0150
Z 0.0300 - 7]
0.0200 4 0.0100
0.0100 { 0.0050
0.0000 0.0000
CTRL Cadmium  Copper Cobalt CTRL Cadmium  Copper Cobalt
E 1.200 - F o0.450 , 5
0.400 q .
0.800 + 07350 1| b
b
« 0.400 - = 0.300 4 c
% c % 0.250 {
m 0.000 © 0.200
a Cadmium  Copper E
< 0.150 4
-0.400 -
0.100 4
-0.800 - 0.050 4
0.000
-1.200 - CTRL Cadmium  Copper Cobalt





OEBPS/Images/M2.jpg
DBE=14C-0-8~ 1/2(N+H) (Eq2)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Molecular changes in phenolic compounds in Euglena gracilis cells grown under metal stress

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell growth and biomass harvesting

          



          		

            2.2 Phenolic compounds extraction and HPLC separation

          



          		

            2.3 Mass spectrometry analysis

          



          		

            2.4 Metabolites network analysis

          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results and discussion

        

          		

            3.1 Metal toxicity

          



          		

            3.2 Metal effects on phenolic compound production

          



          		

            3.3 Molecular diversity of phenolic compounds

          



          		

            3.4 Molecular characteristics of phenolic compounds under metallic stress

          



          		

            3.5 Network analysis of phenolic compounds

          



        



        



        		

          4 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1099375-g004.jpg
CTRL Cadmium Copper Cobalt





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1099375-g001.jpg
o

<

40

3
e
& a
. o
o
3
——— ]
4 & e ® =+ o o
JoqUINU §1a2 PazIeION
a
o
]
g
S - P
18QUINY 3 PAZIBULION
]

—_—

4 e o o v

12quinu sja3 pazjewioN

30 20 -0 00 10
LogICd(h] (in ppm)

40

50

Log [Co(iD)] (in ppm)

fogCu(in)] (in ppm)





OEBPS/Images/M3.jpg
Abnod = (1+C=1/2 0-S-1/2(N+ H)/(C-1/2 O
~N-8 (Eq3)





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1099375-g006.jpg
Metabolites

BIOTINYL

CYSTEINE
GLUTATHIONE
MALONYL_GROUP
METHIONINE

SULEATE

ADENINE
PRIMARY_AMINE
SECONDARY AMINE
IERTIARY_AMINE
ADENOSINE

ADENYLATE

ALANINE

ARGININE

ASPARAGINE
ASPARTIC_ACID
CYTIDINE 5' DIPHOSPHATE
CYTIDINE 5" MOPHOSPHATE
CYTOSINE
GLUTAMIC_ACID
GLUTAMINE

YCINE
GUANINE

LYSINE

SERINE

THREONINE

THYMIDINE

THYMINE

TRYPTOPHAN

TYROSINI

URIDINE
URIDINE_5'_MONOPHOSPHATE
VALINE

ACETONE
ACETOTACETATE

AMIDON
CARBAMOYL_P_TRANSFER
D_RIBOSE
DISACCHARIDES
FORMIC_ACID

GLUCOSE N _PHOSPHATE
GLUCURONIC_ACID
GLYOXYLATE

PHOSPHATE
PYROPHOSPHATE

CTRL CADMIUM COPPER COBALT

Sample

[N

3

Frequency

0.10





OEBPS/Images/M1.jpg
(Eq)






OEBPS/Images/fpls-14-1099375-g003.jpg
DA

1.000

0.999

0.998

0.997

CTRL

Cadmium

Copper

Cobalt





OEBPS/Images/fpls.2023.1099375_cover.jpg
, frontiers | Frontiers in Plant Science

Molecular changes in phenolic compounds
in Euglena gracilis cells grown under metal
stress





