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A B S T R A C T   

Anthropogenic pressure in the high altitude lakes such as Titicaca and Uru (Bolivia) may favor the production of 
methylmercury (MeHg) known to accumulate in trophic chains. Periphyton associated with emerged aquatic 
plants (totoras) from the lake shores accumulates and demethylates MeHg providing a potential cost-effective 
water treatment technique. In this laboratory study, we measured the MeHg uptake kinetics of a consortium 
of green algae isolated from Lake Titicaca totora’s periphyton. The most abundant algal consortium, composed of 
Oedogonium spp., Chlorella spp., Scenedesmus spp., was exposed to rising MeHg concentrations (from 5 to 200 
ng⋅L− 1) to assess their maximum potential capacity for MeHg accumulation. Various algal biomass concentra
tions were tested to choose the optimal one. Results provided a net MeHg uptake rate by this algal consortium of 
2.38 amol ng− 1⋅h− 1⋅nM− 1 (the total uptake was 2863 ng MeHg⋅g− 1) for an initial concentration of 200 ng 
MeHg⋅L− 1 with an algal biomass concentration of 0.02 g⋅L− 1. This initial MeHg concentration is 1000 times 
higher than the one measured in the eutrophic Cohana Bay of Lake Titicaca, which shows the high accumulation 
potential of these green algae. Our data suggest that periphyton has a high potential for the treatment of Hg 
contaminated waters in constructing wetlands in the Andean Altiplano.   

1. Introduction 

Methylmercury (MeHg) is one of the most toxic species of mercury 
(Hg). The neurotoxicity effects of MeHg in both humans and animals 
vary from severe cerebral palsy to mental developmental delays (Cas
toldi et al., 2001). In aquatic environments, microorganisms such as 
sulfate-reducing bacteria (Achá et al., 2011), iron-reducing bacteria 
(Fleming et al., 2006), and methanogens (Correia et al., 2012) mediate 
most Hg methylation in suboxic and anoxic environments. High varia
tion in Hg methylation rates has been reported in lake compartments 
such as sediments, water column, benthic biofilms and periphyton (Achá 
et al., 2012; Bouchet et al., 2011; Correia et al., 2012; Dranguet et al., 
2017; Lanza et al., 2017). 

Periphyton is a complex matrix composed of an assemblage of or
ganisms (e.g., algae, fungi, prokaryotes, and protozoa) embedded in an 
exopolysaccharide matrix attached to macrophytes (Correia et al., 2012; 
Lázaro et al., 2013). In the Bolivian high altitude lakes, such as lakes 
Titicaca and Uru-Uru, periphyton associated with emerged aquatic 

plants (Schoenoplectus totoras also called “totoras”) was reported to be a 
weak producer of MeHg (Bouchet et al., 2018). Furthermore, the algae 
Oedogonium spp. was the most influential group for MeHg accumulation 
in Lake Uru-Uru totora’s periphyton (Lanza et al., 2017). Such findings 
are in accordance with in vitro studies with pure algae cultures, which 
suggested that the physiological configuration of chloroplasts in green 
algae could enhance Hg accumulation (Miles et al., 2001; Moye et al., 
2002). In addition, in situ incubations performed with isotopically 
enriched Hg species in both lakes Titicaca and Uru-Uru, have shown 
evidence that demethylation was dominant in totora’s periphyton 
(Bouchet et al., 2018). 

In the Bolivian Andean Altiplano, the levels of MeHg in aquatic 
ecosystems are rising resulting from anthropogenic induced Hg 
contamination and eutrophication (Achá et al., 2018; Alanoca et al., 
2016b; Bouchet et al., 2018; Guédron et al., 2017; Lanza et al., 2017). In 
particular, intense methylation was found in epibenthic biofilms, while 
it remained low in sediments and aquatic plant’s periphyton (Alanoca 
et al., 2016a; Bouchet et al., 2018; Lanza et al., 2017). 
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The capacity of periphyton to bioaccumulate MeHg may have 
ecological implications for biomagnification because it is one of the 
main primary food source for aquatic organisms (invertebrates and fish) 
in the Andes and Amazonia (Lázaro et al., 2013; Molina et al., 2010). 
However, the same bioaccumulation capacity of periphyton could also 
be used for remediation purposes. Periphyton may become an inter
esting low-cost water treatment alternative if the accumulating organ
isms are removed at the end of the process. 

In this laboratory study, we conducted MeHg uptake kinetics with a 
consortium of green algae isolated from Totora’s periphyton collected in 
Lake Titicaca at various algal biomass and MeHg concentrations. We 
provide new insights into the proportion of MeHg accumulated inside 
and on the cell membrane and identified the potential binding sites on 
the membrane by Fourier-transform infrared spectroscopy (FTIR). 
Finally, we discuss the potential application of periphyton’s green algae 
as a remediation technique for the Bolivian Andes. 

2. Materials and methods 

2.1. Algae cultivation and identification 

Periphyton was collected from the shoots of totora sedges (i.e., 
Scheanoplectus californicus) in the Cohana Bay (Lake Titicaca, Bolivia, 
3809 m above sea level, 16◦20′40.13′′S; 68◦44′8.12′′W) into 50-mL 
sterile PET tubes and stored and transported in a portable cooler at 
4 ◦C to the laboratory (within 3 h) for further analysis and cultivation. In 
the laboratory, periphyton samples were inoculated and cultivated in 
the autoclaved Alga-Gro® (Carolina Biological Supply Company) 
freshwater medium (pH 7.20 ± 1 ◦C) under constant fluorescent light. 
After sub-culturing five times, with an interval of 5–6 days, aliquots 
were taken and fixed with formaldehyde (1% v/v) to identify algae 
genera using a microscope (Microscope AmScope, microscope digital 
camera 5.1 MP, China). Amongst the consortia cultivated in the Alga- 
Gro® medium, the consortium with the most abundant Oedogonium spp. 
was selected for the uptake experiments. Triplicates of freeze-dried algae 
samples (Finni-aqua, Lyovac GT2, Leybold, Trivac, Germany) were used 
to determine the dry weight of algae and calculate the algal biomass 
concentrations (expressed as g⋅L− 1). 

The relative abundance of the algae (%) in the consortium was 
determined based on their cell volume (i.e. biovolume). The dimensions 
of the algal cells were obtained by the ImageJ 1.52a software (USA), 
which were converted to their respective biovolume, followed by cell 
counting, as described by Wetzel and Likens (2000). Direct count under 
the microscope was applied to unicellular organisms, and the abundance 
of colonies and filamentous algae was expressed as cells per colony or 
filament. The biovolume was determined using total cells present in 
either colonies or filaments. The total organic carbon of the biomass 
(mM C) present in the uptake experiment was estimated from the total 
biovolume of algae (μm3). 

2.2. Methylmercury uptake experiments 

To test the optimal algal biomass concentration (i.e., the algal dosage 
providing the highest percentage of MeHg removal from the solution), 
methylmercury uptake experiments were first conducted using three 
dosages of algae, i.e. 0.005, 0.01, and 0.02 g⋅L− 1 in a 40 mL solution of 
Alga-Gro® freshwater medium spiked with methylmercury chloride 
(CH3HgCl) to obtain a final concentration of 10 ng MeHg⋅L− 1. The 
experiment was run at a temperature of 16.5 ± 0.5 ◦C, and the average 
pH of the solution was 6.8 ± 0.3. Samples were collected at 0, 0.17, 0.3, 
0.5, 0.75, 1, 1.5, 2, 3, 6 and 24 hours (h), and filtered with polytetra
fluoroethylene (PTFE) filter membranes (0.22 μm pore size) and acidi
fied with HCl (1% v/v, Sigma-Aldrich Suprapure grade) prior to MeHg 
analysis. Abiotic controls were run in duplicates without algal biomass 
and sampled at 0, 6, and 24 h, to calculate the abiotic loss of MeHg. The 
MeHg uptake (Ut, expressed in ng MeHg⋅g− 1 algae) was calculated for 

each given time and was considered as the amount of MeHg transferred 
from the aqueous phase to the algal biomass. The total uptake of MeHg 
(UTotal, expressed in ng MeHg⋅g− 1 algae) was calculated at the end of the 
kinetic experiment. The Ut data were then plotted versus time to 
calculate the MeHg uptake rate (UR, in ng MeHg⋅g− 1 algae⋅h− 1). 

The chosen optimal algal biomass concentration was then used to 
test the maximum MeHg uptake capacity at initial MeHg concentrations 
in the solution of 5, 10, 20, 40, 80, 100, and 200 ng⋅L− 1. Samples were 
collected at 0 and 6 h for the calculation of the UTotal and the net uptake 
rate (i.e., UTotal normalized to the MeHg concentration tested, expressed 
in amol⋅ng− 1⋅h− 1⋅nM− 1). 

The fraction of MeHg bound extracellularly was determined at t = 6 
h of the MeHg uptake experiments performed with 10 ng MeHg⋅L− 1 

following the protocol reported by Beauvais-Flück et al. (2017) using 4 
mM EDTANa2 (Sigma-Aldrich). EDTA was added to the culture tube and 
was agitated for 30 min. Thereafter, samples (MeHgEDTA,t=6) were 
collected and filtered before MeHg analysis. Control algal cultures 
without the addition of EDTA were run in parallel and sampled at 0 and 
6 h, which were denominated as MeHgcontrol,t=0, and MeHgcontrol,t=6, 
respectively. The intracellular MeHg (MeHgI) was calculated as follows: 
MeHgI = MeHgcontrol,t=0 - MeHgEDTA,t=6, whereas the extracellular 
MeHg (MeHgE) was calculated as: MeHgE =MeHgcontrol,t=0 - MeHgcontrol, 

t=6 - MeHgI. The result is presented as the MeHgE:MeHgtotal ratio. 

2.3. Analytical methods 

2.3.1. Methylmercury analysis 
All materials in contact with the samples were previously acid- 

washed following the ultra-clean protocols (Cossa et al., 2003). Meth
ylmercury was determined after derivatization by purge and trap-gas 
chromatograph-cold vapor atomic fluorescence spectrometry (MERX 
System, Brooks Rand®). Briefly, blanks, standards, and samples were 
added to 40 mL-amber vials containing ultrapure water buffered at pH 
4.5 and the ethylating agent NaBEt4 (Guédron et al., 2014). MeHg 
contents for all samples were run in duplicates and controlled using the 
standard addition technique (Guédron et al., 2014). Because no liquid 
MeHg CRM is available, MeHg measurements traceability and accuracy 
were checked against ERM CC580 CRM (IRMM - Institute for Reference 
Materials and Measurements). MeHg concentrations measured for this 
CRM (75.9 ± 4.9 ng Hg⋅g− 1, N = 9) were within 10% of the certified 
values (75 ± 4 ng Hg⋅g− 1). The measurement error on replicates was 
usually about 10% and was always lower than 15%. The blanks (MQ 
water and AlgaGro® medium) were always below 20 pg⋅L− 1 (N = 39), 
the quantification limit (3SDblk) was 0.004 ng⋅L− 1, and the absolute 
detection was 0.001 ng⋅L− 1 of MeHg. 

2.3.2. Fourier transformed infrared spectroscopy 
Potential binding sites in the surface of the membrane of algae were 

determined on freeze-dried samples by a Fourier-transform infrared 
Nicolet iS5 ATR spectrometer (FTIR, Thermo Scientific, Sweden). The 
presented data is a single-averaged spectrum of 16 scans with a fre
quency of 4 cm− 1 analyzed in the range of 4000–400 cm− 1. The data was 
processed in the Omnic software version 8.3 (Thermo Scientific, 
Sweden). 

2.4. Statistical tests 

The normal distribution of the data was evaluated with the Shapiro- 
Wilk test. When data followed a normal distribution, a one-way analysis 
of variance (ANOVA) test was performed (i.e., for data of kinetics and 
abiotic loss). Tukey HSD test was performed to detect significant dif
ferences between the data sets. The Pearson correlation test was used for 
the correlation in the maximum MeHg uptake experiments. P values 
below 0.05 were considered significant. All statistical analyses were 
processed with R software, version 3.4.1 (Team, 2013). 
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3. Results and discussion 

3.1. Methylmercury uptake kinetics 

The periphyton’s green algae consortium had abundant filamentous 
Oedogonium spp., coccoid Chlorella spp., and the 4-cells colony Scene
desmus spp. (Fig. S1). In terms of biovolume (μm3), the abundance of 
Oedogonium spp. was 54%, followed by Chlorella spp. (40%) and Sce
nedesmus spp. (6%). Table S1 shows more details about cell count and 
biovolume. The total organic carbon present in the biomass of algae was 
estimated using the relationship between carbon and cell volume re
ported by Wetzel and Likens (2000), where 1 pg C = 0.16⋅biovolume 
(μm3) in the case of Chlorophytes (Wetzel and Likens, 2000). Thus, the 
organic carbon concentration present in algal biomass of 0.02 g⋅L− 1 was 
0.1 mM C. The slight presence of bacteria observed microscopically may 
have grown at the expense of the algal biomass decay. The dissolved 
organic matter (DOM) may have changed slightly during the experi
ment, but it should be safe to assume that DOM originates mainly from 
the algae consortium. AlgaGro® does not contain dissolved organic 
carbon, according to the manufacturer. 

During the kinetic experiments, the abiotic loss of MeHg was found 
significant (33%) after 24 h (p < 0.05), which likely resulted from MeHg 
adsorption on vial walls or demethylation. For this reason, we only 
considered the first 6-h interval, where MeHg loss was negligible. The 
MeHg uptake kinetics experiments (Fig. 1) indicated a rapid increase in 
MeHg uptake before it tended towards a plateau until the end of the 
experiment period allowing the calculation of two MeHg uptake rates 
[Fig. 1; one from 0.08 to 1.5 h (UR1) and the second from 3 to 6 h (UR2)]. 

The calculated uptake rate obtained from the slope of the MeHg 
uptake during the first 1.5 h (UR1 - Fig. 1) was two order of magnitude 
lower than the rates reported for the algae Selenastrum capricornutum, 
Thalassiosira spp., Schizothrix calcicola, Cosmarium botrytis (Moye et al., 
2002, 2003) and for the algae Chlamydomona reinhardtii (Pickhardt and 
Fisher, 2007). However, the uptake rates in their studies were only 
calculated between initial and final sampling times, with shorter [0.08 h 
(Moye et al., 2002)] or longer [48 h (Pickhardt and Fisher, 2007)] time 
of exposures which makes the data difficult to compare. High variability 
of data for metal bio-uptake kinetics has been reported in the literature 
for the same algal strain because bio-uptake is a complex process that 
results from the balance between influx and effluxes rates (Luoma and 
Rainbow, 2005; Skrobonja et al., 2019). Hence, standardized uptake 
methods are needed for obtaining comparable data. Based on our re
sults, the calculation of initial-final rates for shorter and longer exposure 
times can overestimate and underestimate real MeHg uptake rates. 

Kinetics using lower algal biomass concentrations (i.e., 0.005 and 
0.01 g⋅L− 1) showed similar bi-modal kinetic patterns with small differ
ences in rates (only UR1 was compared) and in the total MeHg uptake at 
the plateau (Fig. 2a). Among the three parameters compared between 

the three algal biomass concentrations (Fig. 2b), only the percentage of 
MeHg removed from the solution rose linearly (R2 = 0.99, p < 0.05) 
with increasing algal biomass concentration reaching the highest 
removal (85%) at the highest algal biomass concentrations (0.02 g⋅L− 1). 
In opposition, total MeHg uptake (UTotal) and the uptake rate (UR1) 
remained both in a narrow range (e.g. from 340 to 400 ng MeHg⋅g− 1 

algae - Fig. 2b) with increasing algal biomass concentration. Such sta
bility in the MeHg uptake demonstrates that for the same initial MeHg 
concentration (10 ng⋅L− 1), the uptake rate is independent of the algal 
biomass concentration. The optimal algal biomass concentration was 
0.02 g⋅L− 1 and was selected for the following maximum MeHg uptake 
experiment performed at various MeHg concentrations. 

3.2. Maximum methylmercury uptake potential 

To evaluate the maximum MeHg uptake capacity of the algae, we 
increased the initial concentration of MeHg for a constant algal biomass 
concentration (0.02 g algae⋅L− 1) and measured the UTotal after 6 h of 
exposure (Fig. 3). The abiotic loss of MeHg for the different concentra
tions tested after 6 h ranged between 0 and 17%. For the uptake by 
algae, a linear correlation (R2 = 0.99, p < 0.05) was found between the 
MeHg uptake and increasing initial MeHg concentration until approxi
mately 100 ng⋅L− 1. For the two highest initial MeHg concentrations (100 
and 180 ng⋅L− 1 – Fig. 3), the MeHg uptake reached a plateau at 2863 ±
142 ng MeHg⋅g− 1 algae likely due to the saturation of the adsorption 
sites on the algal cell membranes. 

One cannot exclude a toxic effect on the algae if we consider the 
internalization of MeHg. The toxicity tolerance varies significantly 
among algae genera. For example, a reduced growth rate was reported 
above 17 ng MeHg⋅L− 1 for T. weissglogii (Mason et al., 1996). Another 

Fig. 1. Kinetics of MeHg uptake (in ng MeHg⋅g− 1 algae) at 0.02 g algae⋅L− 1 and 
percentage of MeHg remaining in the solution. The MeHg uptake rates (in ng 
MeHg⋅g− 1 algae⋅h− 1) were calculated from the slope of the regressions. Initial 
conditions: MeHg = 10 ng⋅L− 1; pH = 6.8 ± 0.3 and T = 16.5 ± 0.5 ◦C. 

Fig. 2. A) Kinetics of MeHg uptake at 0.005, 0.01 and 0.02 g algae⋅L− 1. B) Total 
MeHg uptake (UTotal), MeHg uptake rate (UR1) and linear regression of the 
percentage of MeHg removed from the solution at 0.005, 0.01 and 0.02 g 
algae⋅L− 1. Initial conditions: MeHg = 10 ng⋅L− 1; pH = 6.8 ± 0.3 and T = 16.5 
± 0.5 ◦C. 
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study reported that even at 2.1 ng MeHg⋅L− 1 for C. reinhardtii, there was 
dysregulation of genes involved in processes such as energy metabolism, 
photosynthesis, and redox homeostasis production, although no physi
ological effects were identified (Beauvais-Flück et al., 2017). In contrast, 
Oedogonium spp. seems to be more tolerant than other algal species as it 
was found to dominate an algal community after prolonged exposure to 
14⋅103 ng Hgtotal⋅L− 1 (Dranguet et al., 2017; Val et al., 2016). 

The estimated maximum MeHg uptake potential may be over or 
underestimated compared to environmental conditions. The experiment 
does not take into account natural DOM, free thiol groups, periphyton 
matrix, invertebrates and bacteria that may compete for MeHg absorp
tion (Leclerc et al., 2015; Pickhardt and Fisher, 2007; Wang et al., 2018) 
or changes in MeHg availability for algae and the periphyton itself 
(Bravo et al., 2018; Skrobonja et al., 2019). Consequently, it must be 
emphasized that such an estimate is just a potential, and caution is 
needed for environmental extrapolations. Although DOC was not 
monitored during the experiment, the dead algal cells may have released 
DOC to the solution (Bravo et al., 2017) possibly reaching similar levels 
to those measured in Lake Titicaca (average DOC ± SD = 3.78 ± 1.42 
mg⋅L− 1) or in the shallow Cohana Bay where concentrations rise up to 8 
mg ⋅L− 1 (Achá et al., 2018; Guédron et al., 2017, 2020). For comparison 
purposes, we normalized our rates to the highest initial concentrations 
of MeHg tested (expressed as amol MeHg⋅ng− 1 algae⋅h− 1⋅nM− 1). Table 1 
summarizes our data along with other rates reported in the literature. 
The high variability between these data could be attributed to the 
inherent uptake capacity of the different species of alga (e.g. type of 
exudates produced) and to the conditions of MeHg exposure (e.g. initial 
concentration, duration, pH, pCl and static vs stirring conditions). In our 
study, the net uptake rates range within the lowest reported values likely 
resulting from the static culture conditions and the relatively high 
amount of algae compared to the MeHg added. In contrast, most of the 
other studies were performed under stirred culture conditions with 
lower algal concentrations and higher MeHg spikes. 

3.3. Assessment of intracellular vs. extracellular methylmercury 
distribution 

The EDTA quantification of MeHg bound to the cell membrane and 
internalized in the cell after 6 h gave a MeHgE:MeHgtotal ratio of 0.7, 
which indicates that at least 70% of MeHg is adsorbed onto the cell 
walls. This result is consistent with a recent laboratory experiment that 
reported an average of 78% of MeHg adsorbed on the cell membrane of 
the green unicellular microalga Selenastrum capricornutum (Skrobonja 
et al., 2019). Lower percentages (between 44 and 52%) were reported 

for the algae C. reinhardtii for different initial concentrations of MeHg 
after 2 h of incubation (Beauvais-Flück et al., 2017). In contrast, negli
gible MeHg was bound extracellularly after 0.08 h of exposure for the 
alga S. capricornutum and C. botrytis (Miles et al., 2001). The predomi
nance of MeHgOH species and low thiols concentrations have been 
associated with higher MeHg fractions bound extracellularly (Skrobonja 
et al., 2019). Such might be the case in our study as the medium had no 
other source of TOC besides the algae itself and low concentration of Cl−

(pCl = 6). Moye et al. (2003) proposed that the internalization of MeHg 

Fig. 3. Relation between MeHg uptake by algal biomass (ng MeHg⋅g− 1 algae) 
after 6 h of exposure and initial MeHg concentrations; experimental data in
cludes horizontal and vertical error bars. Linear regression was carried out for 
MeHg concentrations ranging from 5 to 100 ng MeHg⋅L− 1. Initial conditions: 
MeHg = 5–200 ng⋅L− 1, pCl = 4.5 to 6 (for 200 to 5 ng MeHg⋅L− 1, respectively), 
pH = 6.8 ± 0.3, T = 16.5 ± 0.5 ◦C, algal biomass concentration: 0.02 g⋅L− 1. 

Table 1 
Net uptake rates of MeHg reported by other studies using living biomass of algae. 
Data are presented along with biomass/cells concentration, experimental con
ditions and references.  

Algae Algal cell/ 
biomass 
concentration 

Experimental 
conditions* 

Normalized net uptake 
rate 
(amol⋅ng− 1⋅h− 1⋅nM− 1) 

Consortium: 
Green algae, 
Oedogonium spp 
Chlorella spp. 
Scenedesmus spp. 

0.02 g⋅L− 1 or 
6⋅104 

cells⋅mL− 1 

200 ng⋅L− 1, pH 
6.8, pCl 6, 
16.5 ± 0.5 ◦C, 
6 h, static 

a 2.38 (This study) 

Green algae: 
Chlamydomona 
reinhardtii ( 
Bravo et al., 
2014) 

105 cells⋅mL− 1 21 ng⋅L− 1, pH 
7, 20 ◦C, 89 % 
MeHgCl, 48 h, 
static 

b,c 0.072 

Green algae: 
Chlamydomona 
reinhardtii ( 
Pickhardt and 
Fisher, 2007) 

0.0005–0.002 
g⋅L− 1 

160 ng⋅L− 1, pH 
7.9, 17 ◦C, 280 
μM C, 
48 h, static 

a,d17 

Green algae: 
Selenastrum 
capricornutum ( 
Moye et al., 
2002, 2003) 

0.005 g⋅L− 1 410 ng⋅L− 1, pH 
7, pCl 2.2, 
20–22 ◦C, 
0.08 h, stirred 

b 278 

Green algae: 
Selenastrum 
capricornutum ( 
Bouchet and 
Björn, 2014) 

105 cells⋅mL− 1 45 707e 

ng⋅L− 1, pH 7.9, 
20–21 ◦C, 45 h, 
static 

a,f 0.294 

Blue-green algae: 
Schizothrix 
calcicola (Moye 
et al., 2002, 
2003) 

0.005 g⋅L− 1 410 ng⋅L− 1, pH 
7, pCl 2.2, 
20–22 ◦C, 0.08 
h, stirred 

b 11.2 

Diatom: 
Thalassiosira 
spp.(Moye et al., 
2002, 2003) 

0.005 g⋅L− 1 410 ng⋅L− 1, pH 
7, pCl 2.2, 
20–22 ◦C, 0.08 
h, stirred 

b 16.7 

Diatom: 
Thalassiosira. 
weissflogii ( 
Mason et al., 
1996) 

0.005–0.01 
g⋅L− 1 or 
1–2⋅104 

cells⋅mL− 1 

32 ng⋅L− 1, pH 
4.3, pCl 3.3, 
20 ◦C, 4 h, 
static 

a,g 36 

*Initial MeHg concentration, pH, pCl, temperature, duration and stirring 
condition. 

a MeHg accumulated intracellularly and extracellularly. 
b MeHg accumulated intracellularly. 
c For conversion from cell to ng, the dry weight per cell was considered equal 

to 83 pg as reported by Pickhardt (Pickhardt and Fisher, 2007). 
d Converted from 602.8 nmol⋅g− 1. 
e Determined by GC-ICPMS, total MeHg was in the form of 4 thiol complexes: 

50 nM each of MMHg-2MPA (2-mercaptopropionic acid), MMHg-SULF (mer
captoethanesulfonate), MMHg-Glyc (monothioglycerol), and 83 nM MMHg-Cys 
(cysteine). 

f Only the concentration of MMHg-Cys was used for the calculation. 
g Read from Fig. 4, for conversion of units we used the average of the mass 

(0.0075 g⋅L− 1). 
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was mainly associated with active transport involving transporters in the 
membrane. As carriers are saturable, we cannot rule out that MeHg 
internalization may fluctuate during a kinetic experiment. 

The biomass was analyzed by FTIR (Fig. S2) to get an insight into 
potential binding sites available extracellularly. Seven stretch bands 
were identified indicating the presence of amines, carboxyl and lipids 
and/or saturated aliphatic chains, saccharides, thioethers and disulfides, 
and thiosulfates (Coates, 2000; D’Souza et al., 2008; Giordano et al., 
2001) which are consistent with reported functional groups of the 
external cellulosic wall for green algae (Sheath and Wehr, 2015). 
Amongst these groups, thioethers (R-S-R) and disulfides (R–S–S− R′) are 
functional groups present in compounds such as methionine and gluta
thione, and R-cysteine-cysteine-R′ respectively (Krauss and Schmidt, 
1987). These compounds are the most likely binding sites for MeHg 
given its high affinity for reduced thiols and sulfonates (Dranguet et al., 
2017; Skrobonja et al., 2019; Wang et al., 2018). Based on such a hy
pothesis, our assessment of the proportion of extracellular MeHg may be 
underestimated because thiols could have outcompeted EDTA. 

3.4. Perspectives on sustainable wastewater treatment techniques in Lake 
Titicaca 

In lakes of the Bolivian Andean Altiplano (i.e., Titicaca and Uru-Uru), 
recent rising anthropogenic pressure (i.e., mining effluent and waste
waters) resulted in the rise of Hg contamination and eutrophication of 
these aquatic ecosystems (Alanoca et al., 2016b; Guédron et al., 2017). 
In particular, recent studies in Lake Titicaca highlighted rising levels of 
MeHg in surface water resulting from both the leaching of coastal urban 
and agricultural areas and discharges of untreated wastewaters from the 
Katari River into Cohana Bay (Achá et al., 2018). In the absence of 
efficient wastewater treatment, constructed wetland using totoras and 
its associated periphyton appears to be a relevant alternative to reduce 
contaminant inputs (Sarret et al., 2019). 

The MeHg concentrations used in this study are one to three orders of 
magnitude higher than reported levels in water for lakes of the Andean 
Altiplano (i.e. Lake Titicaca and Uru-Uru) or other polluted surface 
water of lakes and rivers around the world (Tab. S2) which range from 
0.003 to 1.03 ng⋅L− 1. The range of MeHg concentrations at the inlet of 
the Katari River to Lake Titicaca’s Cohana Bay was reported to be from 
0.01 to 0.18 ng⋅L− 1 (Achá et al., 2018). Consequently, we estimated the 
theoretical water flow (Q) needed to remove all MeHg present in 1 L of 
water with an algal biomass concentration of 0.02 g⋅ L− 1 (Calgae) and a 
MeHg uptake rate (UR) of 0.032 ng MeHg⋅g− 1⋅s− 1 (all details of calcu
lations in S.I.4). The obtained Q for removing all MeHg in 1 L for the 
stated range of concentration is 0.004 and 0.064 L⋅s− 1. These flows are 
low compared to those reported for constructed wetlands used in the 
treatment of heavy metals [0.7–2.15 L⋅s− 1 (Mays and Edwards, 2001; 
Mitsch and Wise, 1998)]. The flows in Cohana bay are even higher as the 
Katari River flows into the Bay with an average flow ranging between 
900 L⋅s− 1 during the dry season up to 41 000 L⋅s− 1 during the rainy 
season (Archundia et al., 2016). Hence, the alternatives to improve the 
efficiency of such constructed wetlands would require a higher con
centration of biomass, which means increasing the density of totoras 
stems to promote a higher density of periphyton on their stems. Such an 
approach would also increase the turbulence and probably increase the 
scavenging capacity of periphyton. 

It is worth mentioning that, although water flow rates incoming from 
the Katari River are elevated, the high uptake capacity of green algae 
(2863 ng MeHg⋅g− 1 algae) could be key to lower these MeHg fluxes. For 
example, for a mean MeHg concentration of 0.1 ng⋅L− 1, the amount of 
MeHg to be treated per day would be between 8 and 354 mg MeHg for 
the range of Katari water flow (0.07–3.5⋅109 L⋅day− 1). Biomass of 20 g of 
algae in 1000 L (Calgae = 0.02 g⋅L− 1) can uptake up to 57.3 μg MeHg until 
reaching saturation and treating up to 5.7⋅105 L. These values can be 
otherwise written as 57.3 μg MeHg⋅m− 3. Therefore, for treating 8 mg 
MeHg, a wetland would need an effective volume of 136 m3, which is in 

the range of some reported wetlands in the literature [85–182 m3 (Liu 
et al., 2016)]. Higher net uptakes, such as 354 mg MeHg, need to be 
addressed by increasing algal biomass. 

Yet, the only hindsight we have about such a bioremediation 
approach concerns dried biomass of the alga Oedogonium spp., which has 
been used to treat water contaminated with Ni (Gupta et al., 2010), Pb 
(Gupta and Rastogi, 2008a), Cd (Gupta and Rastogi, 2008b) and Cr 
(Gupta and Rastogi, 2009), but to our knowledge, no information is 
available on living algae biomass. Furthermore, we still need a better 
understanding of factors controlling Hg accumulation in the periphyton, 
which is a complex community of algae, invertebrate and microorgan
isms. Some studies with similar periphyton suggest that algae are a good 
starting point to understand MeHg accumulation in periphyton (Lanza 
et al., 2017). Further geoengineering studies are required to dimension 
and test the efficiency of such a treatment system. In addition, totora and 
its periphyton should be removed and renewed to maintain the effi
ciency of the system and prevent trophic transfer. 

4. Conclusion 

Our study confirms the reported high capacity of periphyton’s algae 
to uptake MeHg in aquatic ecosystems of the high altitude Andean Al
tiplano. The lack of laboratory - standardized methods for evaluating 
contaminants uptake by algae makes the comparison of published re
sults difficult, and methodological developments are still needed. We 
propose to include the consideration of time of exposure to allow and 
encourage researchers to report their data normalized by the concen
tration tested and reported in amol⋅ng− 1⋅h− 1⋅nM− 1. Loss rates and 
growth rates (if long periods of exposure are used) should also be 
considered to model the kinetic data correctly. Green algae, in general, 
have shown higher uptake capacity than other algal genera. Still, most of 
the studies discuss this potential only concerning the impact in the 
environment as an entry point of MeHg in biota. We here propose a 
different approach, using this high MeHg sorption capacity for remedi
ation purposes and applications in the field of constructed wetlands. 
Further studies are still needed regarding the fate of mercury and 
methylmercury after adsorption onto periphyton. The treatment of the 
withdrawn exhausted biomass also needs to be carefully considered with 
regard to implementation. 
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