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 Methylmercury (MeHg) is a toxic form of mercury that can 

bioaccumulate in aquatic food webs, posing serious health risks to 

humans and wildlife. Microalgae, as the first and largest step of MeHg 

bioaccumulation in aquatic food webs, play a crucial role in the 

biogeochemical cycling of MeHg in aquatic environments. This review 

highlights the recent findings on MeHg accumulation processes in 

microalgae at the molecular level, including uptake, distribution, 

toxicity, and complexation of MeHg in green microalgae cultures. The 

paper outlines the key factors that influence MeHg uptake by 

microalgae, including concentrations of organic matter, reduced sulfur 

species, and selenium compounds. The review also discusses the role 

of eutrophication in promoting MeHg formation and accumulation in 

aquatic food webs. The data presented in the review can be used to 

better predict MeHg transfer and toxicity in the aquatic food web based 

on MeHg concentration and phytoplankton population size. 
 

 

Introduction 

Mercury is a naturally occurring element that is highly poisonous to humans and wildlife [1]. Exposure to Hg has 

a number of potential negative effects on human health, including cognitive deficits in children due to fetal 

exposure, increases in fatal and nonfatal heart attacks and increases in premature death in adults [1]. 

Anthropogenic activities largely contribute to the mobilization of Hg from long-term geologic storage into the 

biosphere, where Hg cycles between the air, soil and water. While inorganic Hg does not accumulate in living 

organisms, microbes convert a portion of Hg to methylmercury (MeHg), which is then subjected to further 

biomagnification in the aquatic food web [1,2] and causes health risks to humans, especially among populations 

that frequently consume fish [3]. MeHg is bound to fish proteins that form muscle tissue and cannot be removed 

by cooking. Even the consumption of farmed fish can lead to MeHg exposure because of the presence of MeHg 

in feed [3]. To prevent MeHg accumulation, it is important to understand how MeHg enters at the base of the 

aquatic food web, where the natural feed for fish is located [4]. MeHg is a highly toxic organic Hg form present 
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in natural water ecosystems; it is easily taken up by microalgae and significantly concentrates in the aquatic food 

web [5]. Once accumulated inside the microalgae cell, it is further transferred to grazers, fish larvae, fish, aquatic 

birds and, eventually, humans as final consumers. 

Eutrophication is another phenomenon that can enhance the transfer of MeHg, not only to microalgae, but also to 

higher trophic levels [6]. Eutrophication in coastal areas is a globally expanding problem that can effect an 

increase in MeHg production and its 

accumulation in food webs [6]. This phenomenon also leads to greater net primary production, which increases 

organic matter (OM) concentration and decreases light penetration, thereby changing redox conditions in the 

water column and sediments [6]. 

Although there are significant data on MeHg uptake and its toxicity in microalgae [2,4,5,7–10], a detailed 

understanding of the accumulation processes in microalgae at the molecular level is still partially missing [9]. 

This review aims to summarize recent findings in the literature that can provide more a detailed understanding of 

the uptake, distribution, toxicity and complexation of MeHg in cultures of green microalgae. Data presented and 

discussed here can be used to better predict MeHg transfer and toxicity in the aquatic food web based on MeHg 

concentration and phytoplankton population size. 

2. MeHg Interaction with Organic Matter (OM), S and Se Organic Compounds 

A key aspect in MeHg bioaccumulation and toxicity is the degree to which MeHg interacts with complexing 

agents in solution (OH−, Cl−, organic sulfur compounds—especially thiols (ligands containing sulfhydryl group 

R–SH), OM, artificial chelating agents such as EDTA salts) [4,7]. OM that is naturally present in aqueous systems 

promotes Hg (II) methylation mainly because it contains metabolic substrate molecules essential for heterotrophic 

microbes and strong ligands that bind Hg(II) [11]. In the case of highly enclosed terrestrial water basins, such as 

the Baltic Sea, hypoxic and anoxic zones are caused by an increased biological oxygen demand (BOD) due to the 

excess of nutrients and OM runoffs where Hg binds to allochthonous (terrestrially discharged) OM in the surface 

layers of the water column and sinks to deeper waters, where it can be released in the microbial remineralization 

process of OM [12–14]. In natural waters where OM and reduced S species are absent, MeHg forms inorganic 

complexes, MeHgCl and MeHgOH, with chloride and hydroxide ions [15]. The chemical speciation of MeHg 

prior to cell exposure controls its bioavailability and is a key factor determining the uptake rate and accumulation 

in microalgae [10,16,17]. MeHg forms stronger complexes with organic thiols, which also have higher stability 

constants than complexes with OH− and Cl− groups [18]. 

The bioconcentration step of MeHg from water to the base of the food web is crucial for MeHg concentrations 

found in aquatic organisms higher up in the food web [5,15,19]. Uptake by microalgae is the first and largest step 

of MeHg bioaccumulation in aquatic food webs, which is influenced by many factors that drive seasonal changes 

in water MeHg concentrations [11]. OM is an important parameter of MeHg production and uptake by 

phytoplankton. Measurements from the Bothnian Sea in the Northern Baltic, taken as one of the few studied 

models of biogeochemical cycling of MeHg in natural aquatic environments, showed that MeHg concentrations 

can vary by up to an order of magnitude between years (from 103 ± 12 fM in September 2014 to 18 ± 9 fM in 

August 2016), which underlines the interannual variability in water column MeHg concentrations [11]. Both 

Hg(II) and MeHg preferentially bind to DOM over inorganic particles, which affects Hg bioavailability [11]. 

DOM can also decrease light attenuation in water, which decreases MeHg photodegradation. The association 

between MeHg and dissolved organic carbon 

(DOC) suggests that labile DOC is the important factor for the remineralization rate and Hg(II) methylation 

potential [11]. DOM promotes methylation of Hg(II) by (i) stimulating microbial activity and methylation 

processes, (ii) providing methyl groups for methylation, and (iii) enhancing the solubility of HgS(s) in mineral 

form [20]. Increased DOM inputs from terrestrial runoffs may lead to higher inputs of Hg and MeHg and increase 

MeHg formation in the aquatic ecosystem [20]. 
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Hg methylation mainly takes place within 24 h after entering aquatic ecosystems, and to a greater extent under 

nonequilibrium conditions, before inorganic Hg becomes complexed with substances present in DOM [20]. It is 

often difficult to characterize DOM, and because ~50% of DOM is organic carbon, it is usually measured and 

expressed as DOC [16]. Natural levels of DOC vary in different aquatic environments: 4.0 ± 0.02 mg/L in the 

Baltic 

Sea; 3.78 ± 1.42 mg/L in Lake Titicaca (Bolivia), with peaks of up to 8 mg/L in some regions; 

1.57–17.6 mg/L in the Sacramento River Delta (Sacramento, CA, USA) [16,21–23]. Humic matter forms part of 

allochthonous DOM in seawater [11]. In the case of the Northern Baltic, humic matter concentration decreases 

from the Bothnian Bay to the Bothnian Sea and further remains constant around 10 µg/L [11]. Humic content 

reduces microbial MeHg degradation by decreasing its bioavailability and decreases photodegradation of MeHg 

by increasing light attenuation [11]. Humic substances can also bind Hg (II) and correlate more strongly than 

DOC with Hg(II) concentration in water streams. Binding to humic substances makes Hg(II) less available to 

microbial reduction and methylation [24]. Humic substances are not easily remineralized; thus, an increased 

proportion of humic matter can decrease the activity of microorganisms that act by chemical reduction and 

methylation of Hg (II), which further decreases the rates of Hg transformation reactions [11]. In the Northern 

Baltic Sea, most Hg(II) was available for methylation by forming stable complexes with humic substances or by 

converting Hg(II) to elemental Hg [11]. The stability constants for Hg–ligand complexes drive metal 

internalization, thus determining rates of further chemical conversion of Hg species inside the cell. In this sense, 

it was demonstrated that a Hg–ligand (Hg–L) complex in the culture medium reacts with a biotic ligand (R) at 

the microalgae cell surface, forming a new complex (Hg–R) prior to metal internalization, and the rate for the 

formation of complexes at the cell surface is determined by the relative thermodynamic stability constants for 

Hg–L and Hg–R [10]. 

Similar to thiols (R–SH), organic selenium also has an affinity towards MeHg and can modify its toxicity by 

complexation [2]. Selenium belongs to the same group in the periodic table as S and exerts similar chemical 

affinities, so it can act as a S analogue in amino acids (selenomethionine—SeMet and selenocysteine—SeCys) as 

well as other organic compounds [25]. Some microalgae strains can take up Se(VI) salts from the medium, 

biotransform it to organic Se compounds, such as SeMet, which is less toxic to the cell than Se(VI), and 

accumulate it in the biomass [26,27]. A biologically important Se amino acid—SeMet [25]—significantly inhibits 

the uptake of MeHg by diatoms and mussels [28]. Detoxification of MeHg in seabirds and marine mammals 

involves its demethylation by reactive oxygen species (ROS) and the subsequent formation of high-molecular-

weight Hg–Se–protein compounds, which are then degraded in lysosomes, forming insoluble 

Hg–Se compounds [29]. It was demonstrated that fish and wildlife living in environments with elevated Se levels 

exhibit lower MeHg accumulation [29]. There are a few proposed mechanisms for the protective role of Se against 

Hg toxicity, such as competition for binding sites or the formation of Hg–Se complexes. It was suggested that the 

increased Hg(II) uptake in the presence of SeMet is due to the formation of Hg–Se complexes that can be 

transported across the membrane at a faster rate [28]. 

3. Biogeochemical Cycling of MeHg and Its Presence in Global Aquatic Ecosystem 

Human exposure to MeHg comes predominately from diets containing Hg-contaminated fish and seafood [30,31]. 

Understanding the cycling of Hg in aquatic systems is essential to assess the environmental risks to human health. 

Hg cycling differs in freshwater and ocean ecosystems. Hg can be released into the atmosphere both by natural 

(e.g., volcano eruptions) and anthropogenic sources: mining and burning of fossil fuels [32,33]. However, the 

more toxic organic form, MeHg, is the dominant species found in rice paddies and fish [34–36]. Hg speciation in 

nature has three different forms: elemental Hg(0), Hg(II) bound to particulate OM and cationic inorganic Hg(II), 

mainly as HgCl2. Elemental Hg(0) travels around the globe, and cationic Hg is transported at intermediate 

distances, while particulate is not transported very far [37]. 
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MeHg contamination is also associated with long-term emissions from fossil fuel combustion throughout the 

industrialized world [38]. The burning of fossil fuels, coal, the extraction of gold, smelting and chemical 

production increase atmospheric Hg input in terrestrial and aquatic ecosystems [39]. The burning of coal is the 

most abundant anthropogenic source of Hg emissions in the USA [38]. Hg leaching from fossil fuel combustion 

can contribute to a significant increase in Hg concentration in rivers that enter the sea [30]. Subsequently, Hg(II) 

reduces to elemental Hg(0), which is usually volatilized to the atmosphere, while a small portion of Hg(II) is 

converted to MeHg, which is the most toxic form of Hg and acts primarily as a neurotoxin in humans and wildlife 

[31]. It is known that Hg emissions are ubiquitous, and MeHg as a contaminant bioaccumulates to a great extent 

in the aquatic food web [37]. It was estimated that bioconcentration factors of MeHg are 106–108 fold from initial 

water MeHg concentrations, resulting in MeHg levels that are of global toxicological concern [32,37]. 

Biogeochemical cycling of Hg includes emissions of anthropogenic Hg, transport through the atmosphere, 

deposition into ocean, subsequent transformation into MeHg [40], and its incorporation into aquatic food webs, 

which depends on its absorption or modification by microorganisms (Figure 1a). Microorganisms perform four 

types of Hg transformation: reduction of Hg(II) to Hg(0), degradation of organic Hg compounds, methylation of 

Hg(II) and the oxidation of Hg(0) to Hg(II) [31]. Methylation of Hg occurs in wetlands and lakes as a biological 

process performed by a range of known heterotrophic microbes (iron- and sulfur-reducing bacteria, methanogens 

and nitrite oxidizers) [11]. The bulk of MeHg in natural ecosystems originates from methylation of 

atmospherically deposited Hg by sulfur-reducing bacteria within aquatic sediments [32,38]. Reducing anaerobic 

conditions within aquatic sediments that support the growth and Hg methylation activity of sulfur-reducing 

bacteria are in redox potential (Eh) and pH ranges of 0.4 ≤ Eh ≤ 0.0 V and 5 ≤ pH ≤ 10 [38]. MeHg is 

predominately formed in hypoxic and anoxic environments from its inorganic form, Hg(II), via biological 

reactions, and the methylation process has been mostly linked to the presence of sulfate- and iron-reducing 

bacteria [41]. However, more recently, methanogens and other microbes have been found to play important roles 

in the MeHg formation process [42–46]. 

Microalgae play a direct seasonal role in Hg chemical species circulation in aquatic environments [11]. As already 

explained above, MeHg enters the food web via microalgae and further bioaccumulates in aquatic organisms, 

which can finally result in biomagnification to concentrations with adverse effects on reproduction and neural 

development in fish and mammals [47]. The biggest MeHg increase in water and microalgae biomass in the Baltic 

Sea was found in summer and fall, with 60–70% increase in the intracellular MeHg content of algae biomass 

compared to a yearly average [6]. It was suggested that this occurs due to the remineralization of dead algae 

biomass from the spring and summer blooms, which results in higher direct methylation and uptake by microalgae 

[6]. It was found that the maximal impact of eutrophication on the intracellular MeHg content coincides with the 

highest zooplankton grazing on algae biomass [6]. Extreme MeHg levels in natural water bodies were reported 

for the Olt River (Romania) and its three reservoirs, which are heavily contaminated with Hg from a nearby chlor-

alkali plant [48]. Total Hg concentrations in the Olt River were up to 88 ng/L but decreased by 10 times inside 

the reservoir (to 8 ng/L) [48]. MeHg concentrations increase from the entrance to the reservoir to the central part 

to 0.7 ng/L, confirming high methylation within the eutrophic reservoir [48]. Based on the vertical water column 

profiles of total Hg and MeHg, it was suggested that Hg methylation mainly occurs deep in the water column, 

close to the bottom, at the sediment–water interface. MeHg concentrations and bioconcentration factors of 

phytoplankton confirm that the highest biomagnification of MeHg takes place in the primary producers [48]. High 

MeHg concentrations (>15 ng/L) in the surface water of some artificial wetlands and its accumulation in saturated 

sediments can affect the invertebrate community to levels that are potentially hazardous for insectivorous biota 

such as birds [49]. 

Similar to freshwater systems, Hg(II) can be deposited to the ocean by dry and wet deposition, and elemental 

Hg(0) by dry deposition, where wet deposition is defined as removal from the atmosphere through precipitation, 
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while dry deposition is considered to be Hg settling or uptake without precipitation [31,32]. The total Hg 

deposition (wet and dry) to oceans was estimated to be 10 Mmol/year [31]. A significant load of Hg is introduced 

into the sea by rivers, with a high amount of Hg contributed by river sediment [30]. The load of Hg introduced 

with suspended and trailing river debris leads to Hg enrichment of the marine coastal zone [30]. The Hg(II) 

deposited to the ocean can be reduced to Hg(0), adsorbed onto particles or methylated [32]. The general trend is 

that oxygendepleted areas are spreading in coastal and offshore waters worldwide [12,50]. Seawater can be 

considered as normoxic, with a normal dissolved oxygen (DO) concentration of 5–8 mg/L; hypoxic (DO < 0.2 

mg/L); or anoxic, with the presence of hydrogen sulfide and a DO < 0.1 mg/L [6,51]. One of the main processes 

responsible for a DO decrease is O2 consumption by bacteria during the decomposition and mineralization of OM 

[51]. Excessive eutrophication negatively affects the oxygenation of seawater as the enrichment of water with 

nutrients such as N, P and DOC in the surface layer results in increased phytoplankton growth and biomass 

production, which causes algae blooms and reduces DO and water transparency [51]. Total Hg content in marine 

ecosystems is in the picomolar 

(pM) range and depends on the position, size and exposure to anthropogenic activity of the aquatic ecosystem 

(Table 1). MeHg accounts for 3–35% of total Hg levels in the oceans, and its concentration in water is usually in 

femtomolar range (fM) [11,32,47]. 

Table 1. Concentrations of total Hg and MeHg in different aquatic ecosystems according to the literature. Data 

are presented in the original units (ng/L, pM and fM) that were used by the respective authors. 

Location Total Hg 1 MeHg References 

- pM or ng/L pM, fM or ng/L - 

Southern Baltic Sea 1.5 ± 0.7 pM 23 ± 13 fM [12] 

Northern Baltic Sea 1.0 ± 0.3 pM 37 ± 15 fM; 21 ± 9 fM [6,12] 

Bothnian Bay (Baltic) 1.24 ± 0.3 pM 80 ± 25 fM [11] 

Bothnian Sea (Baltic) 0.84 ± 0.24 pM 21 ± 9 fM [11] 

Bothnian Bay (Baltic) 11.5 ± 1.66 pM 116–236 fM [20] 

Atlantic Ocean (Southern 

Polar Front) 
0.93 ± 0.69 ng/L 0.26 ± 0.12 ng/L [52] 

Jiaozhou Bay (Yellow Sea) 8.46–27.3 ng/L 0.08–0.83 ng/L [53] 

Yellow Sea 6.7–27.5 pM – 2 [54] 

South China Sea 0.8–2.3 ng/L 0.05–0.22 ng/L [55] 

North Atlantic Ocean 2.4 pM – [56] 

Pacific Ocean 1.2 pM – [57] 

Mediterranean Sea 1.0 pM; 2.5 pM – [40,58] 

                                                                 

1 Total mercury includes all forms present in aquatic ecosystems: Hg(0), Hg(II), methylmercury, dimethylmercury, and particulate and colloidal mercury [32,61]. 2 Data 

not available.As explained above, methylation of Hg mainly occurs in hypoxic and anoxic water conditions [32]. Nevertheless, new 

evidence has led to the hypothesis that MeHg can also be formed in oxic brackish coastal waters. It was demonstrated that the 

concentration of MeHg in experimental microcosms containing oxic surface waters from the pelagic zone of the Bothnian Sea 

significantly increased within 27 h after the addition of 250 pM Hg(II) and under normal DOC concentration (4.0 mg/L), where 

bacterial activity played a central role in MeHg production [20]. It was also found that enhanced MeHg production was not reflected 

by substantial changes in the bacterial community composition or gene pool [20].It was found that the contribution of MeHg in total 

Hg in Canadian lakes is strongly and positively correlated with turbidity and total dissolved N and slightly, more weakly cor- 
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Average in oceans 1.5 pM – [59] 

Lake Titicaca (Bolivia) – 0.01–0.18 ng/L [23] 

Olt River (Romania) 8–88 ng/L 0.7 ng/L [48] 

Råne River estuary (Baltic) 2.0–5.95 pM 306 fM [11] 

Wetlands in Rouge Park, 

Canada 
1.45 ± 0.91 ng/L 0.59 ± 0.45 ng/L [49] 

Lakes in Oil Sands 

Region, Canada 
0.4–5.3 ng/L 0.01–0.34 ng/L [39] 

Lake Victoria, Africa 3–15 ng/L – [60] 

Average in surface water of 

lakes and rivers 
– 0.003–1.03 ng/L [22] 

related with chlorophyll–a and DOC, which suggests that Hg methylation rates are higher in lakes with greater 

productivity and algae biomass, where increased oxygen use by decomposers in sediments receiving high 

deposition rates of labile OM and related anoxia in sediments would be expected to drive Hg methylation rates 

[39]. Although the basic parameters driving the biogeochemical cycling of Hg are known, in-lake influences on 

these parameters and Hg cycling are complex and highly variable and can mask climate- or industry-related 

changes over time [39]. 

  
Figure 1. Schematic representation of (a) basic processes in biogeochemical cycling of Hg in coastal areas. 

Abbreviations: Hg(0), elemental mercury; Hg(II), divalent mercury; MeHg, methylmercury; Me2Hg, 

dimethylmercury; MeHgP, methylmercury bound to particulate organic matter; Hg(II)P, divalent mercury bound 

to particulate organic matter. Green arrows indicate biologically mediated processes; environmental conditions 
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for sulfate-reducing bacteria, where Hg methylation occurs, are: 5 ≤ pH ≤ 10; −0.4 ≤ Eh(mV) ≤ 0.0; DO < 0.2 

mg/L. (b) Biomagnification of MeHg through the aquatic food web: MeHg enters the food web at the very bottom 

via bacterial methylation activity, then it is partially taken up by microalgae; from that point on, it biomagnifies 

through rotifers that graze on microalgae, and further via smaller fish that prey on rotifers, then predator fish that 

prey on smaller fish, and finally transfers to aquatic birds and humans that consume contaminated fish. 

Abbreviations: Hg(II), divalent mercury; MeHg, methylmercury; DOM, dissolved organic matter; Eh(mV), redox 

potential; DO, dissolved oxygen. Adapted from [6,32,37,38,62]. 

4. MeHg Implementation into the Aquatic Food Web and Its Consequences to LivingOrganisms 

Naturally occurring phytoplankton (which includes the microalgae community) take up part of the dissolved 

MeHg, and this is the entrance point for this toxin into the food web. Its concentration is subsequently 

biomagnified (Figure 1b) as zooplankton and other predators, such as fish larvae and fish, feed on phytoplankton 

contaminated with MeHg and concentrate it in their tissues [32]. The process of bioaccumulation can increase 

MeHg concentrations in predatory fish by six orders of magnitude [32,37,62]. The transfer of intracellular MeHg 

from microalgae up the food web depends on the seasonal variability of their MeHg content, the quality of the 

algae community as a food source and the timespan of the peak zooplankton grazing on microalgae [6]. MeHg 

concentrations generally increase with trophic level and with increased size and age of the animal [38]. It was 

reported that MeHg in fish is deposited in skeletal muscle, reducing exposure to the central nervous system [63]. 

Experiments with small mammals demonstrated that ingestion of 1 µg/g MeHg via diet resulted in visual, 

cognitive and neurobehavioral deficits and finally led to death in less than a year [38,63]. The reproductive toxicity 

of MeHg has been confirmed in animal studies [64]. MeHg concentrations in fish increase with trophic level, size 

and age, as it is the result of bioaccumulation during the entire lifespan of the animal [65]. The European 

Commission (EC Regulation 1881/2006) limits the total Hg level allowed in seafood to 0.5–1.0 mg/kg, while no 

restriction exists for MeHg. Analysis of MeHg requires specific analytical equipment, making its detection 

difficult. For that reason, guidelines concerning the protection of aquatic life regarding % MeHg of total Hg in 

natural waters are missing [39,66]. The U.S. Environmental Protection Agency (USEPA) limits the Hg content in 

the tissues of freshwater and estuarine fish at 0.0175 mg/kg [38,67]. These regulations are based on the assumption 

that human populations traditionally consuming seafood are at an increased risk of MeHg exposure and 

bioaccumulation through their diet [65]. 

The foremost toxicological concern about Hg biogeochemical cycling is its methylation in aquatic environments, 

as the predominant Hg form in consumable fish tissues and vertebrate systems is MeHg [37]. This is the only 

form of Hg that bioaccumulates in humans and animals, and the only form of Hg that crosses the blood–brain 

barrier and further accumulates in human neurological tissues [37,68]. Hg intoxication in humans is mainly 

caused by a low-level, chronic exposure from dietary consumption of fish and seafood that contain MeHg (due 

to its bioaccumulation in the aquatic food web), although it can also be caused by an acute exposure during an 

industrial accident or accidental ingestion [64,69,70]. After ingestion, MeHg is absorbed in the gastrointestinal 

tract, distributed throughout the body, and after crossing the blood–brain barrier, causes damage in the central 

nervous system. The neurodevelopment of children is especially affected by Hg toxicity [68]. In adults, the central 

nervous system and cardiovascular system are the most affected, with symptoms throughout the body, including 

in the liver, kidneys, skin and lungs. Adverse neurological disorders in childhood due to prenatal exposure to 

MeHg have been confirmed by epidemiological studies showing the relationship between reduced cognitive 

functioning, including reduced IQ in newborn children and the presence of Hg in maternal bodies [71]. Chronic 

exposure to MeHg: (i) affects the nervous system, producing alterations in vision and hearing, paresthesia, ataxia 

and brain function and developmental delay; (ii) causes alterations in the cardiovascular system; and (iii) increases 

blood pressure and heart rate, with a higher risk of heart attack [72]. 
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MeHg enhances the formation of free radicals, and the antioxidant effect of reduced glutathione (GSH) and 

catalase is altered due to its high affinity with the thiol group [73]. Free radicals mediate lipid peroxidation and 

platelet aggregation, and blood coagulation is then promoted, causing sclerosis of the arteries and an increase in 

blood pressure [64]. Symptoms of human acute poisoning by ingestion of a sublethal Hg(II) dose (2.0–4.0 g of 

HgCl2) include: nausea, abdominal pain, vomiting and diarrhea, followed by mild hemodynamic instability, 

acidosis, hypokalemia, leukocytosis and fever [70]. Blood Hg concentration was observed to be 17.9 µM after 3 

h, but it decreased to 8.8 µM after 72 h after ingestion, and the patient’s symptoms began to improve 48 h after 

admission and resolved fully within a week [70]. Clinical treatment included: (i) chelator dimercaprol at 200 mg 

intramuscularly: first six, then four and finally two times a day; (ii) potassium replacement; and (iii) broad-

spectrum antibiotic to treat respiration difficulties and fever [70]. MeHg is excreted primarily via feces and urine 

and can also be excreted through breastmilk during lactation, but there is no antidote to its exposure [74]. 

Cessation of exposure and chelation therapy are the only treatments available. 

5. Biochemical Response of Microalgae to Heavy Metals 

Microalgae require metal ion species that are essential to sustain cell metabolism through a variety of biological 

functions, including their roles as redox-active metals and/or as cofactors in enzymes. It has been widely reported 

that essential metal excess or the presence of nonessential metals in microalgae cultures induce biochemical 

responses for which these microorganisms are genetically adapted. These response mechanisms, which are 

addressed below in this section, allow microalgae cells to minimize the toxic effects of metals, thus remaining 

biologically active for longer time periods. The microalgae cells pay a cost in return to the expression of response 

mechanisms, mostly in terms of metabolic energy expenses that are used to overcome the stress imposed and, 

therefore, are not used for growth. 

Many metal species, including Hg species, induce or boost oxidative stress in microalgae, which is mediated by 

radical oxygen species [75]. From the chemical point of view, the redox-active character is not a requirement for 

a given metal species to induce oxidative stress. Besides the known redox-active character of Fe(II) and Cu(II), 

which are involved in the redox process of oxidative stress induction, other metal ions that do not display redox 

activity in cells have been reported to induce oxidative stress. For instance, Zn has been reported to induce 

oxidative stress in microalgae cells [76]. Pb and Ni have been found to induce oxidative stress causing membrane 

lipid peroxidation although Ni does not seem to react directly with ROS [77,78]. Exposure of microalgae cells to 

Cd(II) in liquid cultures also results in membrane lipid peroxidation and has also been reported to decrease the 

content of reduced glutathione in cells, probably because of the interaction with Cd(II) [79]. Hg is also involved 

in the induction of oxidative stress, as specifically addressed below in this section. All the above-mentioned metal 

ions, not being directly involved in redox cellular processes but originating oxidative activity in algal cells, are 

examples of the direct relation that exists between metal internalization into cells and increased oxidative cell 

status. In this sense, the involvement of ROS as mediators for inducing the associated antioxidant response has 

been reported [75]. 

Direct involvement in oxidative stress induction through oxidative reactions with biomolecules has been 

described for Fe(II) and Mn(II) [76]. These are representative examples of the direct implication of metal ion 

species in the induction of oxidative stress in microalgae. As a paradox, the greater the microalgae antioxidant 

resistance to metals, the longer the metal transformation and presence lasts in aquatic environments, which applies 

to Hg uptake and accumulation by microalgae in nature. Nevertheless, knowledge about the specific biochemical 

resistance mechanisms of microalgae to metals can also be taken as useful information to develop microalgae-

based metal-capturing and removal processes. 

The antioxidant response of microalgae consists of a group of biochemical mechanisms that provide the 

microalgal cells with tolerance or resistance to the chemical effects of oxidative stress. The toxicity produced by 

metals in microalgae cells depends on the action mechanisms of the metal and, obviously, on its concentration in 
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relation to the biomass concentration. According to [75], the metal ion’s toxicity depends on: (1) their affinity for 

thiol groups (for instance, those present in GSH and phytochelatins); (2) competition with essential metal cations 

which can be replaced in enzyme active sites; and (3) induction of oxidative stress, which results in the microalgae 

cells displaying biochemical responses, some of which are briefly described below. Interestingly, an increased 

oxidative stress scenario does not always imply an increased, measurable antioxidant response [75]. Namely, 

under severe oxidative stress, a decrease in the cell content of antioxidant molecules can be detected, which is 

due to their oxidative degradation; the biosynthesis of such antioxidants (for instance, GSH, tocopherol, 

carotenoids) can be greater under intense stress; however, the balance between their oxidative degradation and 

biosynthesis increases due to the implication of these molecules in the antioxidant response chemical reactions 

of the cell [75]. 

This is a key issue when interpreting and discussing results derived from the effects of oxidative stress on the 

antioxidant biochemical profile of microalgae. 

The following antioxidant responses can be expressed in microalgae cultures exposed to metal species, thus being 

useful to select biomarkers of oxidative stress in experiments with microalgae cultures exposed to metals: 

increased synthesis of polyphenols, carotenoids and organic acids that can bind metal ions; expression of 

phytochelatins that bind metal ions, particularly Cu(II), Cd(II) and Zn(II), and store them in vacuoles; cation 

binding to negatively charged residues of the cell wall, including sulfated polysaccharides; chemical linkage of 

metal ions to polyphosphate inclusions; metal ion sequestration by chelating compounds, which includes GSH, 

short-chain peptides such as Arg–Arg–Glu and polyphenols; and limited uptake or metal exclusion from cells 

[80–83]. 

In particular, Hg(II) added at 104.2 mg/L to Chlorella vulgaris culture was found to induce oxidative stress 

through significant increases in intracellular ROS and superoxide dismutase (SOD) activity [84]. However, no 

physiological roles have been described for Hg [85]. This is probably related to its extreme affinity for inorganic 

phosphate, by which Hg can be expected to interfere with biochemical processes that are key to life, for instance, 

metabolic energy production in the form of ATP and all those metabolic processes involving nucleotides [75,86]. 

Hg(II) inhibits photosynthesis. It was suggested that Hg-mediated photosystem II (PSII) inhibition may occur at 

the electron donor side. The donor side of PSII harbors the catalytic site of water cleavage, which is an inorganic 

Mn cluster. Hg interference with the water cleavage catalytic site should result in decreased growth and reduced 

chlorophyll content in the photosystems, among other well-described negative effects, resulting in increased 

oxidative cell status [87]. Microalgae cells express antioxidant response mechanisms to face oxidative stress 

produced by the presence of Hg. In fact, Hg-mediated induction of antioxidant response mechanisms has been 

reported, and these mechanisms are in line with common antioxidant mechanisms of algae in the presence of 

other metal ions. It was suggested that the relationship between Hg-dependent ROS generation and increased 

antioxidant enzymes activity levels—determined for superoxide dismutase (SOD) and catalase (CAT)—has been 

recently proven in C. vulgaris, a study model microalga [84]. Interestingly, besides showing direct evidence for 

Hg involvement in ROS generation, the levels of SOD and CAT vary differently with Hg concentration, 

suggesting a possible differential Hg-dependent expression or activation pattern for both enzymes. In fact, SOD 

shows increased activity levels at low Hg concentrations, conversely to CAT, which shows the highest activity 

levels when Chlorella cells are exposed to high Hg levels under high ROS intracellular levels. In addition to SOD 

and CAT, the other enzymes of the antioxidant biochemical machinery, including glutathione reductase and 

peroxidase, are also activated and/or expressed in the presence of Hg, evidencing its role in the induction of 

oxidative stress [88]. The former is in coherence with the findings of [85], who described the Hg-mediated 

induction of glutathione biosynthesis and phytochelatins in plants, in good agreement with earlier evidence found 

for direct chemical binding between Hg and phytochelatins in Chlorella and Isochrysis strains [89]. The above-

described biochemical responses of microalgae antioxidant metabolism to Hg prove a role for Hg in three key 
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features of the Hg-dependent oxidative stress and antioxidant machinery response in microalgae: (i) the induction 

of ROS generation; (ii) the induction of the antioxidant response based on the expression or activation of enzyme 

components of the antioxidant machinery; and (iii) direct interaction with nonenzymatic molecules, such as 

glutathione and phytochelatins. 

6. MeHg Interaction with Microalgae in Aquatic Environments on Molecular andPhysiological Levels 

Microalgae are unicellular autotrophic microorganisms that use photosynthesis as the main mechanism for 

producing energy, basic cell constituents and organic compounds, as well as for cell division. Photosynthesis in 

green algae is a light-driven process that passes reductive equivalents (electrons) from water to CO2 through the 

chain of oxidoreduction reactions resulting in O2 evolution, ATP production and, finally, CO2 fixation to 

monosaccharide molecules in its dark phase [90]. As the reaction evolves against the electrochemical gradient, 

from more positive Eh(O2) = +0.82 V to more negative Eh(CO2) = −0.42 V, it needs light energy to proceed. It 

was estimated that global annual photosynthetic O2 production is 3.57·1011 tons, of which phytoplankton in oceans 

produces 1.96·1011 tons, which is 22% more O2 produced than that by terrestrial plants occupying land surfaces 

[91]. Microalgae along with photosynthetic cyanobacteria form phytoplankton in Earth’s aquatic ecosystem and 

are responsible for the greater part of global oxygen production. Light is not only essential for the process of 

photosynthesis in algae; it also photodegrades MeHg. Twenty-four hours of light exposure in algae cultures led 

to the removal of one-third of added MeHg from the solution due to abiotic loss not related to algae, which 

includes photodegradation [22]. 

Negatively charged functional groups in the cell wall constituents can capture and remove metal ions from the 

growth medium via counter-ion interactions, making the cell wall the main participator in heavy metal removal 

[92]. Negatively charged functional groups that act as ligands in metal binding are: carboxyl, hydroxyl, sulphate, 

thiol, phosphate, amino, amide, imine, thioether, phenol, carbonyl, imidazole, phosphonate and phosphodiester 

[92,93]. The uptake of metal cations from water involves diffusion from the culture medium to the algae cell 

surface, followed by passive or active transport to the cytoplasm. Passive transport is a simple diffusion through 

the cell wall, while active transport involves binding to the reactive center at the cell wall and active transport 

into the cell that requires energy from ATP [2,94,95]. MeHg uptake in algae includes active transport, which was 

demonstrated by addition of phosphorylation-inhibiting chemicals that suppress ATP synthesis and decrease 

uptake of MeHg in Selenastrum capricornutum cultures [5]. Similarly, dead diatom cells take up 10 times less 

MeHg than healthy cultures, indicating a biochemically active Hg transport process [4]. Microalgae cell walls are 

composed of cellulose-like carbohydrates, interconnected with proteins and lipids, which results in a negatively 

charged cell surface [92,96–98]. The cellular uptake rate and accumulation of MeHg by phytoplankton or bacteria 

is limited by MeHg bioavailability, which is in turn dictated by its chemical speciation [16,17]. In microalgae, 

inorganic Hg(II) binds to cell membranes while MeHg is imported intracellularly and accumulates in the 

cytoplasm [7]. Levels of MeHg in microalgae are strongly associated with water MeHg concentrations [11]. 

Complexation of MeHg with EDTA in artificial culture medium can also limit the bioavailability of MeHg to 

algae, which must be avoided by changing the recipe for the culture media that will be used, as it readily contains 

EDTA sodium salts [8,10]. It was reported that at least 70–78% of MeHg added to algae culture is further 

associated with the cell walls of the cell [10,22], which underlines the importance of algae cell walls in Hg 

removal. It was suggested that the internalization of MeHg in algae cells is mainly associated with active transport 

involving transporters in the membrane that are saturable, and so MeHg internalization may fluctuate during 

exposure [5,22]. 

MeHg uptake by microalgae affects several physiological processes within the cell population, including 

photosynthesis and growth rate [2,99]. Various exposure experiments confirmed that MeHg primarily affects 

algae cultures via elevated toxicity and growth inhibition [2,99]. To diminish these negative effects, algae have 

developed several detoxification strategies, such as the reduction of MeHg to elemental Hg or its complexation 
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with intracellular ligands [2]. Culture temperature and population size also affect MeHg uptake and its toxicity in 

microalgae. There is a linear relationship between temperature and MeHg uptake rate, while increased 

temperature has a positive impact on enzyme-like transporters of MeHg involved in active transport [5]. The 

population density of microalgae has a direct impact on MeHg accumulation in grazers and subsequent consumers 

[2]. The transfer of MeHg from microalgae to zooplankton decreases at higher population densities due to the 

biodilution. An enhanced algae growth rate results in a lower concentration of MeHg per single cell and, 

subsequently, a lower rate of transfer to grazers [2]. High variability of Hg uptake in algae is attributed to the 

complexity of the process resulting from the balance between influx and efflux rates [10,22,100]. 

The green microalga Chlamydomonas reinhardtii exposed to 5–50 nM of Hg(II) and MeHg accumulated 

metabolites involved in amino acid and nucleotide synthesis and degradation, fatty acid, carbohydrate, 

tricarboxylic acid (TCA) and antioxidant metabolism, and photorespiration [101]. Hg(II) toxicity induced more 

perturbations in fatty acid and TCA metabolism than exposure to MeHg [101]. This physiological and 

transcriptomic study further revealed its effect on the biosynthesis of various amino acids, glutathione metabolism 

and isoquinoline–alkaloid biosynthesis [101]. The addition of Hg(II) significantly affected α–linolenic acid 

metabolism, which was not the case for MeHg addition [101]. It was suggested that the accumulation of amino 

acids facilitates chelation of Hg(II) and MeHg cations inside the cells [101]. Glutamine is part of the glutamine–

glutamate cycle responsible for ammonia assimilation, while enzyme glutamine synthetase plays an important 

role in nitrate assimilation in C. reinhardtii, which suggests that one response to Hg exposure is accelerated 

assimilation of nitrogen from the medium [101]. The addition of 5–50 nM of Hg(II) and MeHg triggered an 

antioxidative response in C. reinhardtii by increasing the GSH concentration, which is central to redox control in 

the cell [101]. GSH has various modes of action as the response to Hg exposure: it acts as protection against the 

ROS; it acts as an important metal chelator in plant cells and contributes to Hg detoxification; it acts as the 

precursor for the synthesis of phytochelatins, which are important intracellular heavy metal chelators [2,101,102]. 

He-binding phytochelatins have been found in C. sorokiniana, which suggests that a broader cation spectrum can 

be potentially bound by microalgae phytochelatins and, in addition, confirms the involvement of thiol groups in 

Hg internalization 

within microalgae cells [103]. 

A natural microalgae consortium isolated from Lake Titicaca (Bolivia), comprised of Oedogonium spp., Chlorella 

spp. and Scenedesmus spp., was exposed to a range of MeHg concentrations, from 5–200 ng/L, which resulted in 

the maximum MeHg removal (85%) with an uptake capacity of 2863 ng/gDW for an initial MeHg concentration 

of 200 ng/L applied to 0.02 g/L of algae culture [22]. MeHg uptake experiments indicated a bimodal kinetics with 

two phases: a rapid increase in MeHg uptake in the first 1.5 h of exposure followed by an uptake plateau until the 

end of the experiment [22]. It was also demonstrated that the degree of MeHg association to the algae cell surface 

is higher when cells are exposed to MeHg complexes with lower thermodynamic stability (MeHgOH) compared 

to more stable MeHg complexes with thiols [10]. The association rate and extent are higher for MeHg complexes 

with small thiol ligands with a relatively simple chemical structure compared to complexes with thiols of larger 

size and/or a more branched chemical structure [10]. 

From Table 2, it can be concluded that the most frequently used microalgae species in MeHg experiments are 

green algae: C. reinhardtii, S. capricornutum and Chlorella sp. Exposure concentrations of MeHg vary from 10 

pM ([104]) to 50 nM ([101]), while the exposure period varies from 0.083 to 72 h. The total uptake increases with 

time and exposure concentration, although most MeHg is taken up at the fastest rate during the first few hours of 

exposure [10,22,99]. Similar uptake kinetics were reported in aquatic bacterial communities, where freshly 

deposited Hg (in the presence of which DOM facilitates the cell uptake of Hg by altering the bacterial membrane 

properties) is taken up by bacteria within a few hours (~24 h) after entering the aquatic system, after which the 

bioavailability of Hg for bacterial uptake is reduced [20]. Toxicity of MeHg on the growth of marine diatoms T. 
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pseudonana and T. weissflogii was reported at concentrations of 0.57 nM and 0.10 nM, respectively [19,28]. On 

the other hand, a toxic effect on green algae C. reinhardtii was confirmed at the metabolic level with much higher 

MeHg concentrations (5–50 nM MeHg) [101], suggesting more resistance to Hg toxicity in green algae. C. 

reinhardtii exposed to 10 pM–10 nM of MeHg or Hg(II) was very resistant to Hg toxicity, and despite the strong 

gene response for both treatments, the respective physiological responses were low, and only one treatment (100 

pM MeHg) resulted in a significant increase in cellular ROS and oxidative stress [105]. T. pseudonana, C. 

autotrophica and I. galbana growth rates decreased significantly at higher MeHg concentrations (3–9 nM), in the 

following order: T. pseudonana > I. galbana > C. autotrophica [99]. A naturally occurring algal consortium from 

Lake Titicaca comprised of three species, Oedogonium spp., Chlorella spp. and Scenedesmus spp., with relative 

abundances of 63%, 18% and 19%, respectively, exposed to 0.997 nM of MeHg had no reported toxic effect on 

its composition and abundances [22]. The cellular uptake rate also depends on the phytoplankton species used in 

the study. This effect can be attributed to the substantial differences in the cell wall structure of green algae and 

diatoms [10]. Moreover, variations in MeHg uptake by marine diatoms in different studies can also be explained 

by factors not directly related to cellular uptake or experimental conditions, such as MeHg concentration or 

exposure time. Namely, it was observed that MeHg uptake in T. pseudonana decreased in the presence of 100 µM 

DOC, which was not added to the culture medium but originated from the decomposing dead diatom cells [106]. 

Table 2. Experimental concentrations of MeHg and its internalization by various microalgae species according 

to the literature. 

Microalgae Experimental MeHg 

Conc. 

Time of Exposure MeHg Uptake References 

- pM, nM or ng/L h ng/gDW or µg/gDW - 

Chlamydomonas reinhardtii 5–50 nM 2 h 2–18 ng/gDW [101] 

Chlamydomonas reinhardtii 97 ± 11 pM 48 h 0.072 a ng/gDW [9] 

Chlamydomonas reinhardtii 0.8 nM (160 ng/L) 48 h 17 a ng/gDW [4] 

Chlamydomonas reinhardtii 10 nM 2 h 0.06 b ng/gDW [105] 

Chlorella autotrophica 3 nM (600 ng/L) 72 h 132.7 c µg/gDW [99] 

Isochrysis galbana 3 nM (600 ng/L) 72 h 88.5 c µg/gDW [99] 

Selenastrum capricornutum 1.9 nM 0.083 h 10.7 ± 0.8 ng/gDW [5] 

Selenastrum capricornutum 233 nM 45 h 0.294 a ng/gDW [107] 

Selenastrum capricornutum 10 pM (2 ng/L) 48 h 180.7 a ng/gDW [104] 

Thalassiosira weissflogii 1.9 nM 0.083 h 473 ± 30.5 ng/gDW [5] 

Thalassiosira pseudonana 3 nM (600 ng/L) 72 h 22.1 c µg/gDW [99] 

Schizothrix calcicola 1.9 nM 0.083 h 356 ± 22.1 ng/gDW [5] 

Natural consortium: 

Oedogonium spp. 63 d % 

Chlorella spp. 18 d % 

Scenedesmus spp. 19 d % 

0.997 nM (200 ng/L) 6 h 340–400 ng/gDW [22] 

a—values converted from originally published units to ng/gDW units as explained in [22]; biomass concentration 

per cell was assumed to be 83 pgDW/cell, as reported by [4]; b—values read from Figure 1A in [105] and calculated 

assuming that the biomass concentration per cell is 83 pgDW/cell, as reported by [4]; c—values read from Figure 

3b in [99] and calculated assuming that the basic elemental composition of microalgae biomass is CH1.78O0.36N0.12 

with 0.565 gC/gDW, as proposed by [104]; d—numbers in % present each species’ abundance in the natural algal 

consortium [22]. 

Scientific information on the effect of MeHg at the molecular level is still scarce. Nevertheless, efforts are being 

made by the scientific community in the field that will allow us to understand what genes are mainly involved in 
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the microalgae response when exposed to MeHg. To identify relevant genes, transcriptomics (RNA Sequencing; 

RNA-Seq) is a highly powerful tool that allows the early detection of adverse outcome pathways as well as 

tolerance response [105]. As mentioned, MeHg mostly binds to the cell wall in microalgae cells, showing a high 

affinity for thiol groups. Hg uptake and internalization through its interaction with a variety of metabolites and 

metabolic pathways address global changes in gene expression. Coming back to C. reinhardtii, a well-known 

microalgae study model, it has been demonstrated in recent years that roughly 47% of the total C. reinhardtii 

genes become dysregulated under treatment with Hg, the number of downregulated genes in treatment with MeHg 

being larger than upregulated genes, though this is MeHg concentration-dependent [105]. The impact of MeHg 

affects gene expression of a wide range of metabolic pathways with rather different functionalities. At least, the 

following pathways have been described as being altered in their expression at a transcriptional level: the 

regulation of gene expression in nucleotide-to-protein synthesis; cell processes such as motility, cell division and 

development; energy metabolism genes, including photosynthesis and carbohydrates; and genes involved in lipid 

and amino acid metabolism, responses to stress and transport functions. Among the many genes dysregulated by 

the presence of MeHg, some that are involved in key cell functions can be mentioned. For instance, LCIB, a gene 

involved in inorganic carbon accumulation in the chloroplast, is upregulated [108], and a number of genes in TCA 

cycle reactions are also dysregulated. These results support that energy metabolism becomes affected by MeHg. 

Moreover, the expression of genes involved in maintaining redox homeostasis are affected, as expected, by 

toxicity from MeHg; for instance, genes coding thioredoxin and glutathione reductase are upregulated by MeHg 

[105]. An approach to the molecular level is crucial for an accurate and integrated evaluation of MeHg and other 

toxic compounds in microalgae, helping us to understand further impacts and consequences of MeHg toxicity in 

nature, and also for designing biotechnological approaches to use microalgae in MeHg detoxification processes. 

7. Future Prospective and Challenges 

Anthropogenic Hg emitted in the past represents approx. one-third of present-day Hg in global cycling [32], which 

underlines the importance of managing Hg already circulating globally. It was already suggested that a reduction 

in Hg(II) will have local and regional benefits in communities that consume local fish and seafood, while a 

reduction in elemental Hg will have global benefits via reductions in wet and dry deposition and decreasing Hg 

global cycling [32]. Scientific knowledge of complex Hg interactions with naturally occurring bacteria and 

phytoplankton in the aquatic food web of global water ecosystems still remains uncertain. One of the critical 

challenges for society is to reduce Hg exposure to wildlife and humans through diet. MeHg production in aquatic 

environments is a complex process depending on a range of factors: DO level, OM concentration, redox potential, 

bacterial activity, terrestrial runoffs and wet and dry Hg depositions. Natural microalgae communities are the 

MeHg entrance point in the food web, which emphasizes the importance of future research on the MeHg 

interaction with microalgae. 

Recommended areas for future research that could contribute to efficient MeHg control in aquatic wildlife 

include: 

(1) Physiological effects of realistic levels of MeHg on natural algal consortiums in contaminated areas; 

(2) Predictions of whether OM will have an overall positive or negative impact on future MeHg 

concentrations [11]; 

(3) Effects of S and Se compounds on Hg methylation rates under various OM conditions; 

(4) Relationship between realistic levels of MeHg and composition shifts in natural microalgae consortiums, 

as well as seasonal changes; 

(5) MeHg and Hg(II) internalization capacities in the Hg-resistant strains with possible applications in Hg-

contaminated water remediation. 

Modern experimental procedures, such as shotgun metagenomics and targeted metabolomics, give us the 

possibility to assess MeHg effects in algae on molecular and genetic levels. Shotgun metagenomics offers a wide 
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perspective of the taxonomic composition of microorganisms involved in Hg cycling, which can give better 

insight into the metabolic response of bacterial communities and phytoplankton under increased levels of MeHg 

and DOM [20]. Targeted metabolomics provides information on the metabolic changes in microalgae exposed to 

MeHg and can improve biological understanding of the molecular basis of Hg’s effect on various metabolic 

pathways [101]. 

8. Conclusions 

Hg is a global pollutant naturally present in the environment that causes harmful effects in humans and wildlife. 

The more toxic organic form, MeHg, has the ability to bioaccumulate and biomagnify in the aquatic food web; 

therefore, it is important to improve our understanding of these processes considering its harmful effects in 

humans and wildlife. MeHg is the only Hg form that accumulates in living organisms and is able to cross the 

blood–brain barrier and presents an enormous health risk. The bioavailability of Hg(II) in the aquatic environment 

limits the formation of MeHg, governed by concentrations of inorganic sulfide, pH, redox conditions and 

characteristics of OM. 

Exposure of laboratory cultures of green microalgae to nanomolar concentrations of Hg(II) and MeHg resulted 

in alterations in amino acid and nucleotide metabolism, photorespiration, the tricarboxylic acid (TCA) cycle, 

metabolism of fatty acids and carbohydrates, and antioxidant formation. Some naturally occurring algae 

consortiums are able to grow in MeHg concentrations three orders of magnitude higher than in their natural 

habitats and accumulate MeHg in high doses, which makes them excellent candidates for future applications in 

treatment of Hg-contaminated wastewater. The exact mechanism of MeHg uptake in green algae, as well as 

factors controlling the process in aquatic ecosystems, remains to be identified in future research. 

At the molecular level, some efforts have been made to identify genes dysregulated by MeHg in microalgae; this 

is a first step to understand the basis of physiological alterations and how this information can be used to assess 

the impact of MeHg in nature on a global scale. Nevertheless, this scientific knowledge remains to be unveiled 

and further used for the benefit of understanding changes on a global scale produced by MeHg. 

Although there are important findings on MeHg uptake and effect in algae, a detailed understanding of its 

metabolism in cells and its further transfer up the food web is partially missing. Understanding how different 

factors affect MeHg uptake in microalgae is crucial to control MeHg transfer up the aquatic food web and the 

eventual exposure risk for humans. In order to control MeHg exposure in aquatic wildlife, it is critical to 

understand the uptake of MeHg by microalgae and to identify the natural defense strategies of algae against MeHg 

uptake. Knowledge of the microalgae–MeHg interaction at the bottom of the food web provides a key insight into 

the control and prevention of MeHg exposure and poisoning in humans and wildlife. This review aims to 

summarize recent findings in the literature that can provide more a detailed understanding of the uptake, 

distribution, toxicity and complexation of MeHg in cultures of green microalgae. This information can be used to 

better predict MeHg transfer and toxicity in the aquatic food web and may also be valuable to define MeHg 

control and removal strategies. It also may help to give insight into this complex process and open the path for 

further research on the prevention of human exposure to MeHg contamination. 
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