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Abstract
The growth response and incorporation of As into the Sargassum horneri was evaluated for up to 7 days using either arsenate 
(As(V)), arsenite (As(III)) or methylarsonate (MMAA(V) and DMAA(V)) at 0, 0.25, 0.5, 1, 2, and 4 μM with various phos-
phate (P) levels (0, 2.5, 5 and 10 μM). Except As(III), algal chlorophyll fluorescence was almost similar and insignificant, 
regardless of whether different concentrations of P or As(V) or MMAA(V) or DMAA(V) were provided (p > 0.05). As(III) 
at higher concentrations negatively affected algal growth rate, though concentrations of all As species had significant effects 
on growth rate (p < 0.01). Growth studies indicated that toxicity and sensitivity of As species to the algae followed the trend: 
As(III) > As(V) > MMAA(V) ~ DMAA(V). As bioaccumulation was varied significantly depending on the increasing 
concentrations of all As species and increasing P levels considerably affected As(V) uptake but no other As species uptake 
(p < 0.01). The algae accumulated As(V) and As(III) more efficiently than MMAA(V) and DMAA(V). At equal concentra-
tions of As (4 μM) and P (0 μM), the alga was able to accumulate 638.2 ± 71.3, 404.1 ± 70.6, 176.7 ± 19.6, and 205.6 ± 
33.2 nM  g-1 dry weight of As from As(V), As(III), MMAA(V), and DMAA(V), respectively. The influence of low P levels 
with increased As(V) concentrations more steeply increased As uptake, but P on other As species did not display similar 
trends. The algae also showed passive modes for As adsorption of all As species. The maximum adsorption of As (63.7 ± 
6.1 nM  g-1 dry weight) was found due to 4 μM As(V) exposure, which was 2.5, 7.3, and 6.9 times higher than the adsorption 
amounts for the same concentration of As(III), MMAA(V), and DMAA(V) exposure, respectively. The bioavailability and 
accumulation behaviors of As were significantly influenced by P and As species, and this information is essential for As 
research on marine ecosystems.
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Introduction

The metalloid arsenic (As) shows no well-known biologi-
cal function (Edmonds and Francesconi 2003), but has 
been ranked number one among hazardous substances of 
highest priority (ATSDR 2017). As is the most widely dis-
persed food chain pollutants in nature and can form a rich 
variety of chemical species (usually known as arsenicals) 
with their inconsistent toxicological behavior. As reaches 
the marine ecosystem from both natural and anthropo-
genic points and diffuse sources (Cullen and Reimer 1989; 
Francesconi 2010), and is effectively transformed by bio-
logical processes, creating an As biogeocycle (Bhattacha-
rjee and Rosen 2007). The primary bioavailable and inor-
ganic forms of As in aqueous systems are arsenate (As(V)) 
and arsenite (As(III)), while As(V) is the most important 
and relevant inorganic forms in oxic seawater. As(V) and 
As(III) are interconvertible, depending on the redox state 
of the aquatic ecosystem (Ozturk et al. 2010). Inorganic 
and organoarsenic compounds (methylated and other 
organic As species) account for about 80% and 20% of the 
total dissolved As in the marine environment, respectively 
(Anninou and Cave 2009). Marine algae are the key con-
tributors to methylated As species (monomethyl arsinate, 
MMAA(V) and/or dimethylarsinic acid, DMAA(V)) in 
seawater; they thus play a crucial role in As biogeochemi-
cal cycle (Duncan et al. 2014; Zhang et al. 2014). The lat-
est discoveries of more than 50 arsenicals have broadened 
the research area. Therefore, a renewed interest has been 
shown in investigating how marine algae grow, accumu-
late, detoxify, and produce As species in the marine food 
web and in identifying the interaction between algae and 
arsenicals in the context of As cycling.

Various biota uses a variety of contaminant uptake 
routes from multiple and complex aqueous phases. In 
general, cellular absorption of toxic ions occurs through 
selective ion channels or carriers. Macroalgae can take 
dissolved ion over their entire surfaces. Algae absorb As 
in the highest oxidation state As(V) through phosphate 
transporters, because of its structural and physicochemi-
cal analogous properties with P  (H2PO4

− versus  H2AsO4
−) 

(Taylor and Jackson 2016), whereas As(III), MMAA(V) 
and DMAA(V) are believed to be transported through the 
aquaglyceroporin channels (Rahman and Hasegawa 2011; 
Zhao et al. 2009). Following the uptake of As species, 
several organisms including algae detoxify As by employ-
ing different accumulation and biotransformation mecha-
nisms either outside or within cells to resist the adverse 
effect of As. These processes are essential in controlling 
the mobilization and subsequent distribution of arsenicals 
in the ecosystem. Wang et al. (2015) thoroughly reviewed 
the microalgae (both freshwater and marine) laboratory 

studies and focused on the contribution of these organisms 
to the speciation, toxicity, and metabolism of different As 
species. However, there are preliminary researches, and a 
limited number of laboratory-based culture studies exist 
concerning macroalgae, but they have only begun to be 
studied in the sense of As metabolism.

Algae are the primary producers in the aquatic food web 
and display tremendous capacity in their cells to concentrate 
As. Marine macroalgae can accumulate 1000 to 50000-fold 
higher As from seawater (Ma et al. 2018), and can play a 
critical role between As circulating in the water column 
and other organisms. P is an essential macronutrient for 
algal growth, but its absence or presence complicates As to 
aquatic organisms’ toxicity (Rahman et al. 2014). P regulates 
the bioavailability of As species in the aquatic system and 
governs the uptake and subsequent processes of transforma-
tion. The higher amount of P in both microalgal and mac-
roalgal cultures has been well known to inhibit the cellular 
accumulation of As(V) (Mamun et al. 2019c). Many studies 
have also documented the P-independent uptake of As(V) 
(Duncan et al. 2013; Foster et al. 2008), As(III) (Mamun 
et al. 2019b), and MMAA(V), and DMAA(V) (Rahman 
et al. 2008a). The effects of P on As uptake by the aquatic 
organisms have been concentrated almost entirely on inor-
ganic species (As(V) and/or As(III)). Studies of organoarse-
nic species such as MMAA(V) and DMAA(V) either by 
plants or algae are few in comparison to inorganic species 
(Rahman et  al. 2011), and the transport mechanism of 
organic species with or without P remains unexplored in the 
marine macroalgal culture system. On a similar note, consid-
eration of both organic and inorganic species of metalloids 
As for environmental impact assessment and ecological risks 
is also important (Filella et al. 2009). Besides, species-spe-
cific macroalgal and P-dependent toxicity disparity on both 
organic and inorganic As species remain mostly unknown. 
It would thus be interesting to systematically explore the 
toxicity of As species corresponding to the growth and accu-
mulation behavior together with the underlying mechanism 
under conditions of laboratory culture.

The bioaccumulation of As by marine organisms largely 
depends on the bioavailability of As species (Casado-Mar-
tinez et al. 2010; Maher et al. 2011). Consequently, the 
abundance and sources of As species as either inorganic or 
organic are potentially important to clarify the difference 
among marine algae species for As transportation and bioac-
cumulation. Current literature lists 615 species, forms, and 
varieties of Sargassum. Many Sargassum species can be 
employed for environmental management, including heavy 
metal remediation, irrespective of their diverse industrial 
and biotechnological potential (Stiger-Pouvreau et al. 2023; 
Stiger-Pouvreau and Zubia 2020). Some studies have high-
lighted the hidden danger posed by the high As content 
of beach-deposited Sargassum sp., necessitating further 
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research in the context of environmental sanitary and reusing 
of this algae (Devault et al. 2022; Devault et al. 2021). We 
selected Sargassum horneri as our study organism because 
of its higher As accumulation capacity in laboratory culture 
(Mamun et al. 2017). The research has been designed for 
a set of macroalgal culture experiments in seawaters with 
the following objectives: (i) to explore the discrepancy 
between the bioavailability of biogeochemically important 
and dominant As species—As(V), As(III), MMAA(V), and 
DMAA(V)—to Sargassum horneri, in terms of growth effi-
ciency; (ii) to investigate how As bioaccumulation is con-
trolled in the presence P ions in the growth medium; and 
(iii) to investigate the surface adsorption of As due to the 
differences in As species as well as the presence of coexist-
ing ions like iron (Fe) in the culture medium.

Materials and Methods

Pre‑culture of macroalgae

The collection of large macroalgae samples S. horneri, an 
average length of 50 cm (n = 10), were done through the 
sites along the coast of Noto Peninsula (facing the Sea of 
Japan), Ishikawa, Japan. Samples were vigorously washed 
with on-site seawater and shaken to remove the water. No 
signs of desiccation were detected during the sample pro-
cessing. The cooled box was used to move samples in the 
laboratory and instantly cleaned with filtered natural sea-
water (NSW) for removing adhering sands, debris, and epi-
phytic organisms. Individual large samples were then kept 
in plastic buckets comprising 20 L NSW with 1% Provasoli 
enriched seawater (PES) medium (pH: 8.1 ± 0.2). The PES 
medium was prepared in distilled water containing salts and 
antibiotics. The composition of PES medium is provided 
in Table S1 in Appendix A. The buckets were placed in a 
chamber (RZ-2S, Oriental Giken Industry Co., Ltd., Tokyo, 
Japan) with constant temperature (20 ± 2°C), light (12/12 h 
light/dark period), and aeration. The NSW and PES medium 
were renewed once a couple of days and retained up to one 
week for maintaining healthy and stable growth conditions 
of the algae. For the main experiment, small shoots (length 
of 4–5 cm) were excised and isolated from each alga. Shoots 
were also stored in glass flasks (10 L) containing NSW and 
25% PES medium for 48 h to minimize the harmful effects of 
excision (Endo et al. 2013). Shoots were also maintained for 
another 48 h in NSW and 1% PES medium (P-free) before 
the start of the culture experiment. The optimal macroalgal 
cultivation in an incubator was done under 90 μmol pho-
tons  m-2  s-1 photon flux density (from the white, fluorescent 
tube), 18 ± 1.0 °C temperature along with a 12/12 h light/
dark photoperiod, and the culture bottles were continuously 

aerated via tube and silicon plug attached with an air pump 
(e-Air 4000 WB, GEX) for stirring the medium.

Experimental setup

The algae were cultivated using polycarbonate bottles 
(500 mL). The culture solution was prepared with 1% PES 
medium, and 250 mL sterilized NSW. The shoots were 
washed three times with deionized water before being 
inoculated. Four randomly selected shoots (average weight 
of 1.5–2.0 g) were introduced into each culture bottle. A 
series of culture experiments were carried out by incubat-
ing the algae with four different As forms as As(V)/As(III)/
MMAA(V)/DMAA(V) at concentrations of 0.25, 0.5, 1.0, 
2.0 and 4.0 μM and with another three test concentrations 
of P at 2.5, 5 and 10 μM. The cultures where no P and As 
were exposed to algae served as a control. A set of cultures 
of the tested As species with 1 μM were done without algae 
and regarded as chemical control. A total of 24 treatment 
combinations for each As species were replicated three times 
following a randomized design. The sources of As(III), 
As(V), MMAA(V), and DMAA(V), P were  NaAs2O3, 
 Na2HAsO4.7H2O,  CH3AsO3, and  (CH3)2AsO2Na.3H2O, and 
 KH2PO4 respectively. A clean bench (MCV-711ATS, Sanyo 
Electric Co. Ltd., Osaka, Japan) was used to maintain the 
sterile condition during inoculation. The algal and chemi-
cally controlled culture bottles were incubated for seven days 
in a constant growth chamber at a temperature of 18°C ± 
1°C; with fluorescent lights under 12/12 h light/dark pho-
tocycle at an irradiance level of 45 μmol photons  m-2  S-1. 
Culture solutions were aerated by air pumps connecting with 
silicon plug and the plastic tubes (~4 mm diameter). At the 
end of incubation, algal samples were collected and stored 
at 4 °C in a refrigerator for freeze-drying till required for 
further analysis.

A separate experiment was carried out to determine the 
quantity of As and Fe adsorbed on the surface of algae. 
Aquatic organisms, including algae either growing in the 
laboratory or occurring naturally, showed to have an exter-
nal pool of Fe (Fe-plaque) on their surface and can seques-
ter As and other trace metals (David et al. 1999; Mamun 
et al. 2019c). For this purpose, algae were grown similarly 
as above for 7 d in NSW enriched with 1% PES medium. 
The specified standard concentration of Fe and P in PES 
medium were not modified, and the algae were inoculated 
with 4 μM of As either as As(V) or As(III), or MMAA(V) 
or DMAA(V). Control cultures were also maintained where 
none of the As were exposed to algae.

Analytical procedures

The total As (TAs) concentration in the algal tissues and 
CBE extracts were measured by an inductively coupled 
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plasma mass spectrometer (ICP-MS, SPQ 9000, Seiko, 
Japan) after the digestion of samples using a heat decom-
position microwave system (Multiwave 3000, Anton Paar 
GmbH, Graz, Austria). Concentrated  HNO3 (65%) and opti-
mized digestive operating conditions were chosen accord-
ing to the recommendations of the manufacturer. Following 
the instrumental reactions, the digested solution was trans-
mitted into heat-resistant plastic containers (DigiTUBEs, 
SCP Science, Japan). Approximately 5.0 mL of purified 
water was added into each container and placed them into a 
heat-block type thermal decomposition system (DigiPREP 
Jr, SCP Science, Japan) at 100 °C for about 5 h, until the 
samples were dry. The contents were then redissolved and 
diluted by 10 mL of deionized water and filtered via 0.45 μm 
filters (Advantec, Tokyo, Japan). A standard reference mate-
rial (National Metrology Institute of Japan (NMIJ) CRM 
7405-a, No. 265: Trace Elements and Arsenic Compounds 
in Seaweed (Hijiki)) (Ibaraki, Japan) was also digested and 
analyzed using the same procedure for determining the accu-
racy of the analytical method. A good recovery efficiency 
(96.7 ± 3.8%) was observed for the certified values.

The adsorbed As and Fe from the algal surfaces were 
extracted using the citrate-bicarbonate ethylenediamine-
tetraacetate (CBE) (Rahman et al. 2008b). Sodium citrate, 
sodium bicarbonate, and EDTA at a concentration of 0.03, 
0.125, and 0.05 M respectively, were used for preparing CBE 
solution. The CBE solution also included 0.025 M NaCl and 
0.05 M KCl (pH was adjusted to 8.0 using  NaHCO3) because 
of the seawater originated samples. The algal samples after 
incubation were treated at room temperature (25 °C) with 
30 mL of CBE solution for 30 min. The samples were then 
washed and rinsed three times with deionized water, and 
rinsed water was added to the CBE extracts to a volume 
of 50 mL. As contents in CBE extracts and tissues were 
regarded as adsorbed and intracellular contents, respectively.

P and Fe content in the digested samples were determined 
in an inductively coupled plasma atomic emission spectrom-
eter (ICP-AES, iCAP 6300, Thermo Scientific, Waltham, 
MA). Arium Pro water purification system from Sartorius 
Stedium Biotech GmbH (Gottingen, Germany) was used to 
produce the purified water (resistivity > 18.2 MΩ cm).

Chemicals and standards

During the entire study, analytical reagent grade chemicals 
were used without further purification unless otherwise 
stated. Stock solutions and/or working standards were pre-
pared on the day of analysis as nM and/or μM levels. For 
pH adjustment, either HCl or NaOH (1 M) was used. Stand-
ard chemicals of  Na2HAsO4.7H2O (for As(V)),  CH3AsO3 
(for MMAA(V)), and  KH2PO4 (for P) were purchased from 
Wako Pure Chemical Ind. Ltd. (Tokyo, Japan);  NaAs2O3 
(for As(III)) was purchased from Merck (Tokyo, Japan); and 

 (CH3)2AsO2Na.3H2O (for DMAA(V)) was purchased from 
Nacalai Tesque (Kyoto, Japan). Deionized water was used 
for preparing standard solutions. However, Fe standard solu-
tion was prepared by dissolving  FeCl3.6H2O (Wako Pure 
Chemical Ind. Ltd.) in 1 M HCl and deionized water.

Low-density polyethylene bottles and micropipettes 
(Nichiryo, Tokyo, Japan) and other laboratory items used 
in the experiments were cleaned as specified by Hasegawa 
et al. (2017). Glassware was autoclaved before stored stand-
ard solutions or used for algal culture.

Measurement of chlorophyll fluorescence

Chlorophyll fluorescence was measured by quantifying the 
quantum yield (maximum photochemical efficiency) of open 
RCIIs using pulse amplitude modulation fluorometry (PAM, 
OS1p, Opti-Sciences, USA). Replicated samples were 
adapted to the dark for about 15 min before measurements 
were made. The following equation was used to convey the 
maximum quantum yield stated elsewhere (Cosgrove and 
Borowitzka 2010):

Where, Fv/Fm = maximum quantum yield; F0 = mini-
mum fluorescence yield (dark adapted, all RCIIs open); Fm 
= maximum fluorescence yield (dark adapted, all RCIIs 
colsed with no NPQ); and Fv = maximum variable fluores-
cence yield, (Fm – F0).

Measurement of growth rate

The fresh weights of the shoots before incubation and after 
incubation were measured using an electrical balance (0.10 
mg accuracy) after drying blotting them dry. The mean fresh 
weights were calculated for each replicate, and daily growth 
rates (GRs) were calculated with the following equation 
(Loureiro et al. 2012):

Where, Wi is the initial weight, Wt is the weight after 7 
days, and t is the experimental time in days.

Statistical analysis

Data were expressed as the mean value ± standard deviation 
(SD) (n = 3). The IBM SPSS 22.0 for Windows (IBM Co., 
NY, USA) and Graph Pad Prism 6.0 (GraphPad Software 
Inc., San Diego, CA, USA) were used to perform statis-
tical analyses and graphical works, respectively. Analysis 
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of variance (ANOVA) was performed for determining the 
significance (p < 0.05) of the results, and post-hoc multiple 
comparisons (Tukey’s test) were used to define the signifi-
cant differences among treatments. The correlation between 
As accumulation with studied parameters was also done 
using the same statistical package.

Results and Discussion

Chlorophyll fluorescence of S. horneri

By measuring the chlorophyll fluorescence using PAM 
devices, the photosynthetic function of PSII of algae and 
seagrasses can be estimated. A number of environmental 
and abiotic stresses such as temperature, light, radiation, 
salinity, drought, metals, pesticides, salts, etc. can affect the 
PSII activity. The maximum photochemical efficiency  (Fv/
Fm), an important chlorophyll fluorescence parameter, is 
often used in field and laboratory tests and is rich evidence 

of photosynthetic efficiency for specific stresses on plants 
(Suggett et al. 2010). After 7 d incubation with As(V), 
MMAA(V), and DMAA(V), the  Fv/Fm of the algae was not 
significantly affected by the main effects of different As and 
P levels or their interaction (p > 0.05). However, the effect 
of different concentrations of As(III) and P had a significant 
effect on  Fv/Fm (p < 0.01), whereas their interaction effects 
were insignificant (p > 0.05) (Table S2 in Appendix A). 
Prior to exposure to As, the  Fv/Fm of the algae ranged from 
0.713 to 0.732 (average of 0.722 ± 0.01), 0.710 to 0.733 
(average of 0.722 ± 0.01), 0.716 to 0.731 (average of 0.723 
± 0.01), and 0.711 to 0.737 (average of 0.722 ± 0.01) under 
As(V), As(III), MMAA(V), and DMAA(V) treatments, 
respectively.

Algae showed a slightly decreasing  Fv/Fm trend after 
7 d incubation with all As treated cultures compared to 
their respective control or initial values (Fig. 1 and 2). The 
decreasing trend is more marked with the cultures receiv-
ing initial low P levels (0 to 2.5 μM) and higher As levels 
(2 and 4 μM) as the substrate. It was also noted that  Fv/Fm 

Fig. 1.  Changes in maximum 
quantum yield affected by 
different levels of inorganic 
As species [(a) As(V) and (b) 
As(III)] and P. Different bars 
and lines show the values of 
maximum quantum yield of S. 
horneri before and after incuba-
tion, respectively. Data are 
means ± SD (n = 3).
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decreased as the concentration of As species increased in 
the medium. At 4 μM As and 10 μM P exposure level,  Fv/Fm 
decreased by 1.7, 9.6, 0.8 and 2.4% from their initial values, 
respectively in As(V), As(III), MMAA(V), and DMAA(V) 
treated cultures. The  Fv/Fm changes in controlled algae (no 
As) did not correspond with  Fv/Fm changes in the As treated 
algae. It was also found that  Fv/Fm increased from the initial 
values when algae received increasing levels of P without 
As. When As concentrations rose from 0.25 to 4 μM without 
the addition of P in cultures, the decreasing trend of  Fv/Fm 
were: 1.1 to 5.3% in As(V), 3.7 to 23.9% in As(III), 1.2 to 
4.4% in MMAA(V), and 2.1 to 4.9 in DMAA(V) compared 
to As free cultured algae. The chlorophyll fluorescence of 
the tested algae was more susceptible because of the effects 
of As(III) than As(V), indicating increasing toxicity with 
inorganic As though there was no sign of discoloration of 
the shoots. However, there have been hardly any toxic effects 
of MMAA(V) and DMAA(V), and both species almost had 
the same effect on the chlorophyll fluorescence response. 
These findings indicated that the tested concentration of As 

species may inhibit the chlorophyll fluorescence partly, and 
the inhibitory effect follows the order: As(III) > As(V) > 
MMAA(V) ~ DMAA(V). Healthy and non-stressed vascular 
plants and macroalgae were claimed to be ideal  Fv/Fm by 
0.832 ± 0.004, whereas the value of dead material would be 
below 0.1 (Chaloub et al. 2010; Maxwell and Johnson 2000). 
As toxicity in plants can cause damage to the membrane 
of chloroplast and disturb the membrane structure leading 
to lowered chlorophyll biosynthesis (Miteva and Merakchi-
yska 2002; Stoeva et al. 2005). It was reported that algae 
could display stress or photoinhibition, and photosynthesis 
may often be downregulated at lower  Fv/Fm values (Velez-
Ramirez et al. 2017).  Fv/Fm in brown algae ranged from 0.7 
to 0.8, which is consistent with our initial  Fv/Fm results in 
the tested algae (Büchel and Wilhelm 1993). The possible 
toxicity of As depends on its speciation, and it has been 
reported that 1 mg  L-1 of soluble As causes damage to plants 
and algae. As(III) and As(V) are highly toxic to plants and 
can inhibit P uptake by detaching the process of phospho-
rylation (Vithanage et al. 2012). Lemna gibba, an aquatic 

Fig. 2.  Changes in maximum 
quantum yield affected by 
different levels of organic As 
species [(a) (MMAA(V) and 
(b) DMAA(V)] and P. Different 
bars and lines show the values 
of maximum quantum yield 
of S. horneri before and after 
incubation, respectively. Data 
are means ± SD (n = 3).
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macrophyte, has shown greater toxicity to As(III) concentra-
tion between 300 to 800 μg  L-1. However, As(V) was more 
toxic than As(III) when the cultures received As(V) concen-
tration above 800 μg  L-1 (Mkandawire et al. 2004). It was 
also evidenced that freshwater microalgae are more sensitive 
to As(V), while marine microalgae are more sensitive to 
As(III) (Levy et al. 2005).

Growth rate of S. horneri

The algal shoots displayed no detectable sign of toxic-
ity, no death tissue sections, color, and visual damage 
after 7 d exposure to various As species and P at differ-
ent concentrations. The shoots looked healthy, remain-
ing intact throughout the incubation period. The growth 
rate of algae was significantly impacted by the different 
concentrations of the As species studied. The different P 
levels also caused a significant difference in growth rate 

with the exception of DMAA(V) (p < 0.05). However, 
there were statistically insignificant variations for the 
interaction between As species and P concentrations (p > 
0.05) (Table S2 in Appendix A). The fresh weights of the 
algal shoot were substantially increased over their initial 
weight after 7 d under most of the cultures treated with 
As(V), MMAA(V) or DMAA(V), but under As(III) treated 
cultures at above 1 μM concentration, the weights of the 
shoots were decreased. Noteworthy and negative growth 
rates were observed at higher As(III) levels, especially 
when the substrate began from 1 μM, whereas algae con-
tinued to generate growth rate even with a higher level of 
As(V), MMAA(V), and DMAA(V). Irrespective of P and 
As concentration, the growth rate (%  d-1) of the different 
cultures enriched with As(V), As(III), MMAA(V), and 
DMAA(V) treatments ranged from – 0.11 to 1.06 (average 
0.33 ± 0.09), – 2.23 to 1.02 (average – 0.29 ± 0.26), 0.12 
to 0.81 (average 0.43 ± 0.09), and 0.18 to 0.88 (average 

Fig. 3.  Changes in growth 
rate of S. horneri affected by 
different levels of inorganic 
As species [(a) As(V) and (b) 
As(III)] and P. Data are means 
± SD (n = 3).



98253Environmental Science and Pollution Research (2023) 30:98246–98260 

1 3

0.52 ± 0.11), respectively (Fig. 3 and 4). Increased levels 
of all As species were observed to decrease the growth 
rate. Significant negative correlation was determined 
between growth rate and As accumulation in the algae (r 
= − 0.64, − 0.88, − 0.72, and − 0.83 for As(V), As(III), 
MMAA(V), and DMAA(V) respectively, p < 0.01). As 
toxicity caused a decrease of growth rate and growth rate 
of algae was decreased by 81.5% when As(V) in the cul-
tures increased from 0 to 4 μM under 10 μM P. Similarly, 
the decrease was 58.1% and 56% for cultures treated with 
MMAA(V) and DMAA(V), respectively. The increasing 
As(III) levels (1 to 4 μM) showed a negative growth rate 
regardless of the addition of P in cultures. P is vital for 
controlling the As toxicity, metabolism, and macroalgae 
growth.

It was observed that with increasing P concentration 
from 2.5 to 10 μM, both algal biomass and daily growth rate 
were increased in all As treated cultures. It was found that 

As(III)-treated algal shoots in P controlled culture (0 μM) 
had a relatively lower growth rate than P-added treatments 
regardless of As(III) concentration.

Reduced synthesis and substrate regeneration in the 
Calvin-Benson cycle, along with a decrease in the light 
utilization rate needed for carbon fixation, are correlated 
with the immediate effects of P limitation on algae (Chisti 
2013). The P deficiency was also reported to enhance asta-
xanthin build-up and decrease chlorophyll a and protein 
content, leading to a reduced overall growth rate of micro-
algae (Juneja et al. 2013; Kobayashi et al. 1993). The over-
all results from the present study indicate that the organic 
As species (MMAA(V)/DMAA(V)) had a less severe effect 
on the growth rate than the inorganic species As(V), but a 
stronger effect than As(III). It is not known why As(V) and 
other two organic As species lead to an increase in algal 
biomass. Chlorella vulgaris has been reported to absorb both 
inorganic and methylated As species. Methylated species 

Fig. 4.  Changes in growth 
rate of S. horneri affected by 
different levels of organic As 
species [(a) MMAA(V) and (b) 
DMAA(V))] and P. Data are 
means ± SD (n = 3).
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have been suggested to be further biomethylated into the 
cells that cause less stress for As (Maeda et al. 1992). The 
increased sensitivity of As toxicity to algae leading to inter-
ference with P metabolism or inhibition of the production 
of adenosine triphosphates (ATP) (Bhattacharya et al. 2015; 
Levy et al. 2005).

As accumulation by S. horneri

During a week (7 d) incubation period, the concentrations 
of TAs in the algae increased significantly with increas-
ing external dosage of all concentrations of As species (p 
< 0.01). However, the effect of different P levels and the 
interaction effect between levels of P and As on the accu-
mulation of TAs were not significantly varied when the 
cultures enriched with As(III), MMAA(V), and DMAA(V) 
(p > 0.05). Only the significant difference was found 
due to increasing concentrations of As(V) and P as well 

as their interaction (p < 0.01) (Table S3 in Appendix A). 
The changes in the content of TAs due to the effect of vari-
ous species of As and P concentration are shown in Fig. 5 
and 6. When the external As(V), As(III), MMAA(V), and 
DMAA(V) concentration was up to 4 μM together with 0 
μM P, the alga was able to accumulate 638.2 ± 71.3, 404.1 
± 70.6, 176.7 ± 19.6, and 205.6 ± 33.2 nM  g-1 dry weight 
TAs, respectively. The amounts of TAs taken up by the algae 
followed the trend: MMAA(V) < DMAA(V) < As(III) < 
As(V), regardless of the rate of addition of As and P. Such 
high affinity for different species of As at higher concentra-
tions by S. horneri indicated that this alga was equipped 
with detoxification mechanisms that enabled it to accumu-
late additional As. Similar to the findings from previous 
macrophytes, microalgae, and macroalgae studies (Duncan 
et al. 2010; Mamun et al. 2019b; Rahman et al. 2008a), the 
present study also found concentration-dependent uptake of 
As from all As species.

Fig. 5.  Accumulation of total 
As by S. horneri affected by 
different levels of inorganic 
As species [(a) As(V) and (b) 
As(III)] and P. Data are means 
± SD (n = 3).
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Correlation analysis showed that the concentration of As 
in the tissues of algae was positively related to the addition 
rates of As in the cultures regardless of P addition (r = 0.96, 
0.95, 0.98, and 0.98 for As(V), As(III), MMAA(V), and 
DMAA(V), respectively; p < 0.01). In comparison with the 
maximum TAs accumulation (454.1 ± 28.2, 200.0 ± 22.2, 
and 214.1 ± 34.0 nM  g-1 dry weight from 4 μM of As(III), 
MMAA(V), and DMAA(V) with 10 μM P, respectively), 
the TAs concentration in alga was higher when exposed to 
the same level of As(V) with 0 μM P, reaching up to 638.2 
± 71.3 nM  g-1 dry weight. Following exposure to different 
As species, our results show that S. horneri accumulate As 
in the form of As(V) and As(III) more efficiently compared 
to MMAA(V) and DMAA(V), which represent the bioavail-
able forms of inorganic As in seawater. At equal As and P 
concentrations in solution (4 μM As and 0 μM P), the con-
centrations of TAs in the algae were almost similar between 
the MMAA(V) and DMAA(V) treatments and were 3.6 and 

3.1 times lower than As(V) and 2.3 and 1.9 times lower than 
As(III) treatment, respectively. Many studies have reported 
that inorganic As (As(III) and As(V)) were more easily 
accumulated in organisms, including algae, than organic 
As (MMAA(V)/DMAA(V)) due to the high transfer rate of 
inorganic As inside the living organisms (Cullen et al. 1994; 
Duncan et al. 2010; Rahman et al. 2008a). The methylated 
species showed relatively lower or decreasing uptake rates, 
and possibly it might be due to the increased hydrophobic-
ity of methylated species compared with the inorganic As 
species (Zhao et al. 2013).

Irrespective of P concentration, when algal shoots were 
exposed to different concentration of As species, TAs con-
centrations ranged from 5.1 ± 0.6 to 638.2 ± 71.3, 5.6 ± 
0.4 to 454.1 ± 28.2, 5.1 ± 0.8 to 199.9 ± 22.2, and 6.0 ± 
0.9 to 214.1 ± 33.9 nM  g-1 dry weight under As(V), As(III), 
MMAA(V), and DMAA(V) treatments, respectively. 
Such differences in accumulation might be the possible 

Fig. 6.  Accumulation of total 
As by S. horneri affected by 
different levels of organic As 
species [(a) MMAA(V) and 
(b) DMAA(V)] and P. Data are 
means ± SD (n = 3).
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detoxification mechanisms due to different sensitivities and 
bioavailabilities towards As species of the algae (Rahman 
and Hassler 2014). The accumulation of As in previous 
algal study also suggested the varied accumulation of As 
mainly based on algae’s different susceptibility to different 
As-forms and algae-specific accumulation behavior (Bahar 
et al. 2013).

The relatively higher tolerance and accumulative capacity 
of As(V) by the algae are compatible with other observations 
of higher background As levels in the macrophyte and algae 
growing media (Mamun et al. 2019b; Rahman et al. 2008a; 
Wang et al. 2017). Also, As(V) may be more mobile and 
bioavailable forms than other As species for marine macroal-
gae when exposed to high As concentrations. It was noted 
that increased P in As(V) treatments showed significantly 
lower TAs absorption, while the opposite was observed for 
As(III), MMAA(V), and DMAA(V). This could have been 
due to competitive behavior between As(V) and P for similar 
routes. The presence of P could also increase the accumula-
tion of TAs from the solutions of As(III) and organic As 
species.

When 10 μM P was amended with 4 μM As(V), TAs 
accumulation was significantly (p < 0.01) reduced by 
43.9%, with respect to control (0 μM P). This observa-
tion was further supported statistically by obtaining sig-
nificant (p < 0.05) negative correlation coefficient values 
between the TAs accumulation versus total P content tis-
sues (Table S6 in Appendix A). However, there were non-
significant and positive correlation (p > 0.05) observed 
between P content and As accumulation from As(III), 
MMAA(V), and DMAA(V). As(III), MMAA(V) and 
DMAA(V) are mainly absorbed in the aquaporin plasma 
membrane channel. Such uptake channel could be inde-
pendent of P absorption, and as a consequence of soluble P 
in the medium, intracellular As accumulation had no effect 
(Li et al. 2009; Rahman and Hassler 2014). A significant 
reduction of uptake and toxicity of As(V) and As(III) were 
reported in Chlorella salina when P concentration in the 
seawater was 1.3 mg  L-1. However, the presence of P didn’t 
cause any changes in the toxicity as well as intracellular 
accumulation of MMAA(V) and DMAA(V) (Karadjova 
et al. 2008). Studies showed that higher P in algal culture 
inhibits the As(V) uptake. The underlying fact might be the 
uptake regulation due to decline in the number of As(V) 
transporters or affinity on the cell membrane or compe-
tition for binding sites of cytoplasmic As(V) reductase, 
which ultimately lowering the intracellular content (Castro 
et al. 2015; Karadjova et al. 2008; Wang et al. 2013). It has 
been suggested that As(III) is more bioavailable and more 
toxic than As(V) to marine phytoplankton, particularly in 
the presence of high concentrations of dissolved inorganic 
P. The wide variability in sensitivities to As may be due to 
differences in biotic factors such as uptake and metabolic 

pathways, detoxification mechanisms, as well as abiotic 
factors such as the effects of P concentrations and expo-
sure period (Levy et al. 2005).

P accumulation by S. horneri

The different concentrations of P showed a significant dif-
ference among the As species used in this study. Increasing 
As(V) concentration in the solution decreased the concentra-
tion of P in the algal tissues significantly (p < 0.01). In con-
trast, the concentration of other As species such as As(III), 
MMAA(V), and DMAA(V) treatments and their interaction 
effects with increasing P levels had a lower or nonsignifi-
cant effect on the P concentration in the algae (p > 0.05) 
(Table S3 in Appendix A). P concentration in the algal tis-
sues generally increased with increasing levels of applied P, 
with the maximum P content found from high levels of P (10 
μM) exposures such as 43.5 ± 3.8, 48.0 ± 5.7, 42.9 ± 8.4, 
and 46.5 ± 8.3 mg  kg-1 from As(V), As(III), MMAA(V), and 
DMAA(V), respectively and the minimum from low levels 
of P (0 μM) exposures such as 26.9 ± 2.5, 28.5 ± 2.4, 30.7 ± 
4.7, and 29.2 ± 2.0 mg  kg-1 from As(V), As(III), MMAA(V), 
and DMAA(V), respectively (Table S4 in Appendix A). It is 
well established that P plays a vital role in living cells and 
can reduce the toxic effects of As(V) in plant tissues (Fayiga 
and Ma 2006). The highest P concentration in algae was 
found in 0 μM As(V) and 10 μM P treatment and the lowest 
in the 4 μM As(V) and 0 μM P. However, the pattern of P 
distribution under other As species treatments were mark-
edly different from that of As(V) and not consistent with the 
increasing levels of As concentration. It was noticed that P 
addition to the media suppressed the As(V) uptake and its 
bioaccumulation. The possible mechanism towards this fact 
is that both ions share the same transporter for their uptake. 
As(V) and P are relatively similar in terms of geochemical 
behavior, and the absorption of As(V) through the P uptake 
system is well documented for different organisms, including 
algae. As(V) could compete with P for P transporters due to 
their structural similarity (Wang et al. 2016). The correlation 
results presented in Table S6 showed that the P accumulation 
by S. horneri decreased negatively with the accumulation 
of As(V) (r = − 0.48, p < 0.05). On the contrary, As(III), 
MMAA(V), and DMAA(V) treatments had a nonsignificant 
positive relationship on P uptake (r = 0.25, 0.10, and 0.002, 
p < 0.05 for As(III), MMAA(V), DMAA(V) respectively). 
The results indicated that the P accumulation into the algae 
might be inhibited by As(V) in the culture solution while 
its accumulation was not influenced by As(III) or organic 
As species like MMAA(V)/DMAA(V). In previous studies 
of macrophytes and macroalgae, similar findings were also 
reported (Mamun et al. 2019b; Rahman et al. 2008a).
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As and Fe adsorption by S. horneri

Adsorption phenomena are common in aquatic organisms 
where suspended Fe oxides adsorb As on the surface of 
organisms (Robinson et al. 2006). Often because the culture 
media Fe was present in the form of a very stable Fe-EDTA 
chelate, the importance of the biological surface-bound Fe 
has been overlooked. However, even in the algal medium 
containing excess EDTA, the possibility and existence of 
surface binding have persisted (Miller et al. 2013). The 
mechanism involved with surface adsorption of As in algae 
species depends on the algae-specific surface properties of 
the cell wall. The critical processes driven for passive sur-
face adsorption are electrostatic attraction, ion exchange, co-
ordination, complexation, chelation, and micro-precipitation, 
etc (Dönmez et al. 1999). The Fe concentration in the intra-
cellular parts as well as surface adsorbed parts (Fe-plaque) 
of algae were not significantly varied due to the different As 
species (p > 0.05). The intracellular and adsorbed Fe in algal 
tissues ranged from 87.2 ± 7.1 to 90.1 ± 9.4 and 19.1 ± 2.5 
to 21.1 ± 2.9 nM  g-1, respectively. The content of TAs in 
the tissues of algae (intracellular) at 4 μM of As was nearly 
similar and in line with the main experimental results in 
Fig. 5 and 6. A significant quantity of As was adsorbed onto 
the surface of algae when exposed to the same concentration 
of different species of As at 4 μM. It was observed that the 
adsorbed As was significantly different among the As spe-
cies (p < 0.01) (Table 1).

Passive surface adsorption was found negligible for algal 
shoots exposed to As(III), MMAA(V), and DMAA(V). 
As(V) adsorption was found to be an active process in 
S. horneri because the surface of shoots showed higher 
amounts of As(V) adsorbed than other As forms. The 
amounts of adsorbed As due to exposure of As(V) was 63.7 
± 6.1 nM  g-1 dry weight, which was 2.5, 7.3, and 6.9 times 
higher than the amounts of adsorbed As due to exposure of 
As(III, MMAA(V), and DMAA(V), respectively. Adsorption 

was found to be consistently lower in algae surface-mediated 
with As(III) as well as organic As species (MMAA(V)/
DMAA(V)) and comparable to As(V). This may be because 
of the low adsorption affinities of As(III) in comparison 
with As(V) at the adsorption site (Chen et al. 2005). It was 
reported that certain algae species Dunaliella teritolecta 
(microalgae), Undaria pinnatifida and Sargassum patens, 
Sargassum horneri, Pyropia yezoensis (macroalgae) could 
bind inorganic As species (As(V) and As(III)) extracellu-
larly (Duncan et al. 2010). However, there is no evidence 
of extracellularly surface adsorption of organic species like 
MMAA(V) and AB by Dunaliella teritolecta (Duncan et al. 
2010; Mamun et al. 2019a; Mamun et al. 2019b; Mamun 
et al. 2019c). Though the significance of this external pool 
of As species adsorption is uncertain but necessitates further 
research in this area (Duncan et al. 2014).

Conclusion

The pattern of sensitivity to As species is important to link 
between environmental concentrations and macroalgal 
assemblage. The pronounced decreasing trend of chlorophyll 
fluorescence coupled with negative growth rate indicates the 
more toxicity of inorganic As(III) than As(V) and corre-
sponding organic As species to the S. horneri. The study has 
demonstrated that tolerance of this algae to organic species 
(MMAA(V) and DMAA(V)) was greater compared to inor-
ganic species (As(III) and As(V)), and the tolerance to As 
was significantly decreased with increasing exposure con-
centration. The increasing P levels showed to have a positive 
influence on ameliorating As stress. Irrespective of P levels, 
TAs bioaccumulation in 4 μM As(V) exposure was higher 
than 4 μM As(III) or MMAA(V) or DMAA(V) exposure, 
indicating that As(V) might be more bioavailable than other 
As species to the studied algae when faced with high As 
exposure levels. Although the tissue concentration of TAs in 
the algae increased more steeply in low P feeding algae with 
increased As(V) concentrations, the impact of P on other 
As species did not display similar trends. As(V) adsorp-
tion was found to be easier compared to any other organic 
and inorganic species. The accumulation behaviors of this 
alga may be exploited in a plant-based treatment system for 
remediation of As contaminated water. Also, it is possible 
to utilize this alga for algae-mediated biomonitoring tool 
on As toxicity. An additional benefit from this study is the 
direct comparison of different As species which are firmly 
connected by their chemistry. However, more research is 
required to explore the marine macroalgal differential sensi-
tivity mechanisms of As species on a molecular basis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 29371-2.

Table 1  TAs and Fe concentration in tissues and extracellular or 
adsorbed (CBE extracts) onto surface of S. horneri grown for 7 days 
in medium containing 4 μM of As species

The lowercase letters in each column indicate significant differences 
between As species treatments (p < 0.01). All data are means ± SD 
(n = 3).

As
species

TAs (nM  g-1 dry weight) Fe (nM  g-1 dry weight)

Algal tissue Adsorbed Algal tissue Adsorbed

Control 4.9 ± 0.4 d 0.2 ± 0.1 d 87.2 ± 7.1 19.9 ± 2.8
As(V) 649.5 ± 50.2 a 63.7 ± 6.1 a 89.6 ± 6.3 20.6 ± 3.0
As(III) 448.4 ± 29.1 b 25.7 ± 4.6 b 90.1 ± 9.4 19.1 ± 2.5
MMAA(V) 181.7 ± 11.3 c 8.7 ± 2.1 c 89.2 ± 8.1 19.3 ± 3.6
DMAA(V) 225.1 ± 21.2 c 9.3 ± 1.9 c 88.4 ± 7.2 21.1 ± 2.9

https://doi.org/10.1007/s11356-023-29371-2
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