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ABSTRACT 

The metalloid arsenic (As) has no well-known biological function, but it is a widely 

distributed food chain contaminants and ranked a number one of the top priority hazardous 

substances in the environment. Arsenate (As(V)) and arsenite (As(III)) are the primary 

bioavailable inorganic forms in aquatic systems and are actively subjected to biotransform 

upon their exposure. Marine microalgae and macroalgae have shown enormous As 

accumulation and transformation capacity, and are the chief contributor of reduced, 

methylated, and/or other organic As species in seawater, hence play a critical link between 

cycling of As in the water column and other marine organisms. The recent discoveries of more 

than 50 arsenicals in marine organisms have extended the research field on As speciation. The 

information on the formation processes of As species, as well as their nature and distribution, 

is essential because of their complex chemistry and variable ecotoxicological effects on the 

marine ecosystems. As detoxification and/or biotransformation processes by the algae are 

habitat and species-specific, and it is necessary to investigate how marine macroalgae species 

interact, accumulate, detoxify, and produce As species in seawater and redistributed in marine 

food web with respect to their importance in As cycling. A series of laboratory culture 

experiments were designed with different macroalgal species namely Undaria pinnatifida, 

Sargassum horneri, Sargassum patens, and Pyropia yezoensis in seawater, and the following 

issues have been reported: (a) examination of the bioavailability of As species in terms of algal 

growth and photosynthetic activity; (b) observation of the accumulation, biotransformation, 

and extrusion behavior of As under different molar ratios of As and P; (c) investigation of the 

formation of Fe-plaque with or without coexisting Fe in the algal culture system; (d) 

demonstration of the modelling of As uptake rate; and (e) elucidation and comparison of the 

tolerance and metabolism diversity among macroalgae. The results of the proposed 

experiments are helpful in the understanding of the roles of macroalgae on As biogeochemical 

cycle in the marine environment. 
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EXTENDED DESCRIPTION 

 

Introduction: 

Algae detoxify As by employing different biotransformation mechanisms either outside 

or inside of cells including oxidation, reduction, methylation, demethylation, and complex 

formation for resisting the adverse effect of As. These processes are essential in controlling the 

mobilization and subsequent distribution of arsenicals in the ecosystem. The extensive research 

and review works have been carried out in laboratory culture of microalgae (both freshwater 

and marine) species and focused on the contribution of these organisms in the speciation, 

toxicity, and metabolism of different As species. There are insufficient researches, and a limited 

number of laboratory-based culture studies exist with regard to macroalgae but have only started 

to be studied in the context of As metabolism.  

Materials and Methods: 

 The algae were collected from different locations in the Japan Sea and maintained in the 

laboratory. The algae were incubated with varying molar ratios of As/P in the laboratory culture 

system either in the growth chamber or incubator. The different parameters, along with their 

measurement, is summarized below. 

Growth rate  Using the growth rate equation 

Chlorophyll fluorescence Using Pulse Amplitude Modulated (PAM) 

Fluorimeter  

As speciation analysis in culture media  Cold Trap Hydride Generation Atomic 

Absorption Spectrophotometer (CT-HG-AAS)   

Total As analysis Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) followed by 

Microwave Digestion  

Nutrient (P, Fe) concentration  

in tissues and culture media 

Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-MS) 

Uptake kinetics By using the Michaelis-Menten equation 

Surface complexation  Washing extraction of TiCE and CBE 
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Results and Discussion: 

The results of the different experiments have been summarized on the following 

heading: 

Arsenic speciation and biotransformation by the marine macroalga Undaria 

pinnatifida in seawater: A culture medium study 

Freshwater and marine organisms are capable of metabolizing arsenic (As) efficiently 

and regulating the As biogeochemical cycles. In this study, Undaria pinnatifida was exposed 

to As(V) (0, 0.1, and 1 μM) and phosphate (P; 1 and 10 μM) in seawater under laboratory-

controlled conditions for up to seven days to analyze As biotransformation. The growth and 

chlorophyll fluorescence of the alga were unaffected by As stress, and statistically insignificant 

differences were observed among the cultures (p > 0.05). As(V) was readily accumulated by 

this macroalga through phosphate transporters, transformed intracellularly, and excreted into 

the medium, depending on the As(V) to P molar ratios. The concentration of As(V) and 

biotransformed species As(III) and DMAA(V) varied significantly in the algal cultures on the 

basis of the exposure period (p < 0.05). The concentration of As(III) was initially higher but 

decreased with the incubation period, whereas the concentration of DMAA(V) increased 

gradually. At the end of the incubation, 0.04 and 0.32 μM DMAA(V) were recorded in the 

media containing 0.1 and 1 μM As(V) with a constant 1.0 μM P, respectively. The results also 

indicated that the cellular uptake of As(V) and subsequent release of DMAA(V) were inhibited 

by P in the medium. The biotransformation was consistent with the As(V) 

detoxification mechanism based on reduction and methylation, which was enhanced by the 

lower As(V) to P molar ratios. These findings can be helpful in understanding the contribution 

of macroalgae to As biogeochemistry in marine environments and the potential risks of As 

dietary uptake. 
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Comparative biotransformation and detoxification potential of arsenic by three 

macroalgae species in seawater: Evidence from laboratory culture studies 

Algae accumulate and metabolize arsenic (As) and facilitate cycling and speciation of 

As in seawater. The laboratory-controlled macroalgal cultures were exposed to different molar 

ratios of As(V) and phosphate (P) in seawater for evaluating the uptake and metabolism of As, 

as a function of As(V) detoxification through biotransformation. Chlorophyll fluorescence of 

algal species was not significantly affected by the culture conditions (p > 0.05). 

 

Figure 1: Schematic diagram showing the biotransformation potential of three different 

macroalgae species under various molar ratios of As/P. 

Addition of 10 μM P positively reduce As stress, but different As(V)/P ratios 

significantly affect the growth rate (p < 0.05). Algae readily accumulated As(V) after the 

inoculation, transformed intracellularly, and released gradually into the medium along the 

incubation period, depending on As(V)/P molar ratios. Reduction and methylation were the 

leading processes of As(V) metabolism by Pyropia yezoensis, whereas Sargassum 

patens showed only the reduction. Sargassum horneri reduced As(V) under low level 

(0.1 μM), but both reduction and methylation were observed under a high level (1 μM). At the 

end of incubation, 0.17, 0.15, 0.1 μM of reduced metabolite (As(III)) were recorded from 1 μM 

of As(V)/P containing cultures of Sargassum horneri, Sargassum patens, and Pyropia 
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yezoensis, respectively. On the other hand, 0.024 and 0.28 μM of methylated metabolite 

(DMAA(V)) were detected under the same culture conditions from Sargassum 

horneri and Pyropia yezoensis, respectively. The results also indicated that P in medium 

inhibits the intracellular uptake of As(V) and subsequent extrusion of biotransformed 

metabolites into the medium. These findings can help to understand the metabolic diversity of 

macroalgae species on As biogeochemistry in the marine environment. 

Bioaccumulation and biotransformation of arsenic by the brown macroalga Sargassum 

patens C. Agardh in seawater: effects of phosphate and iron ions 

The toxicity and bioaccumulation and biotransformation potential of inorganic arsenic 

(IAs) species As(V) and As(III) were investigated using Sargassum patens under laboratory 

culture for seven days. Algal chlorophyll fluorescence decreased with increasing As(V) and 

As(III) concentrations, being significantly affected by As(III) treatments. Higher As(III) 

concentration negatively affected growth rate, and P and Fe limitation greatly enhanced IAs 

toxicity.  

 

Figure 2: Schematic diagram showing the processes of As detoxification by 

macroalgae in laboratory culture system 
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The extracellular, intracellular, and total bioaccumulation of As(III) and As(V) varied 

significantly depending on initial concentrations and addition of P and Fe. P and Fe availability 

suppressed intracellular As accumulation in As(V) medium but not in As(III) medium. In P-

rich (10 μM) medium, intracellular As was reduced by 4.7% and 9.9% when As(V) in the 

medium was constant (4.0 μM), under Fe-limited (0 μM) and Fe-rich (10 μM) conditions, 

respectively. However, the Fe-rich condition positively affected extracellular As accumulation 

from both As source. Extracellular As increased by 43.5% and 38.8% in P-limited + Fe-rich 

cultures with 4.0 μM of As(V) and As(III), respectively. Algae exhibited greater absorption 

and adsorption to As(V) than to As(III). The reduced metabolites of As(III) (3.5 to 4.9% of the 

total As) and oxidized metabolites of As(V) (2.0 to 3.7% of the total As) were recorded as 

biotransformed species from coexisting media containing As(V) and As(III) at a constant 

4.0 μM, respectively. Both P and Fe had significant influences on the variation in behaviors of 

IAs. This information is vital in terms of As research in marine ecosystems. 

 




