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a b s t r a c t

Very limited information is available on how and to what extent environmental factors influence arsenic
(As) biotransformation and release in freshwater algae. These factors include concentrations of arsenate
(As(V)), dissolved inorganic nitrogen (N), phosphate (P), and ambient pH. This study conducted a series of
experiments using Taguchi methods to determine optimum conditions for As biotransformation. We
assessed principal effective factors of As(V), N, P, and pH and determined that As biotransformation and
release actuate at 10.0 mM As(V) in dead alga cells, the As efflux ratio and organic As efflux content actuate
at 1.0 mg/L P, algal growth and intracellular arsenite (As(III)) content actuate at 10.0 mg/L N, and the total
sum of As(III) efflux from dead alga cells actuates at a pH level of 10. Moreover, N is the critical
component for As(V) biotransformation in M. aeruginosa, specifically for As(III) transformation, because N
can accelerate algal growth, subsequently improving As(III) accumulation and its efflux, which results in
an As(V) to As(III) reduction. Furthermore, low P concentrations in combination with high N concen-
trations promote As accumulation. Following As(V), P was the primary impacting factor for As accumu-
lation. In addition, small amounts of As accumulation under low concentrations of As and high P were
securely stored in living algal cells and were easily released after cell death. Results from this study will
help to assess practical applications and the overall control of key environmental factors, particularly
those associated with algal bioremediation in As polluted water.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic (As), a ubiquitous, toxic, and carcinogenic metalloid, is
present in the environment in considerable quantities both natu-
rally and as a result of certain human activities. It resides in the
environment in four primary oxidation states (�3, 0, þ3, and þ5)
under different physicochemical properties. Furthermore, As
pollution in freshwater systems is one of the most common global
environmental problems with approximate concentrations ranging
from 0.5 to 5000 mg/L (Smedley and Kinniburgh, 2002; Pfeiffer
et al., 2015; Luo et al., 2014). Arsenite (As(III)) and arsenate
(As(V)) are the common inorganic forms of As found in natural
freshwater systems, the latter being the dominant form under oxic
conditions (Hasegawa et al., 2010). This has prompted numerous
studies investigating the distribution and behavior of inorganic As
in water bodies. These studies have primarily focused on mecha-
nisms related to As metabolism and resistance in microorganisms
and bioremediation in As polluted water bodies (Smedley and
Kinniburgh, 2002; Wang et al., 2013a; Jasrotia et al., 2014).

Being at the bottom of the aquatic food chain, alga are widely
distributed in aquatic ecosystems and play an important role in As
bioaccumulation and biogeochemical cycling (Duncan et al., 2015;
Zhang et al., 2014). At the same time, given the extremely high
uptake capacity of alga as well as the fact that alga are more cost-
effective and environmentally-friendly than the conventional
physicochemical methods used, employing alga in remediation
efforts of As polluted water has garnered considerable attention
(Bahar et al., 2013; Sulaymon et al., 2013; Mahdavi et al., 2012;
Wang et al., 2015). Moreover, a pervasive phenomenon
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Table 1
Environmental factors of the orthogonal test.

Factor

A
NO3

�-N/ (mg/L)
B
PO4

3�-P/ (mg/L)
C
pH

D
As(V)/(mM)

Level 1 2 0.02 6 0.1
Level 2 4 0.20 8 1.0
Level 3 10 1.00 10 10.0
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commonly seen today is that eutrophication coexists with As
contamination in freshwater ecosystems (Le et al., 2010; Sun,
2004). Occasionally, harmful blooms of Microcystis aeruginosa
(M. aeruginosa) outbreaks occur, which are toxic to both plants and
animals (Jasrotia et al., 2014). This species is generally tolerant to
As(V) and exhibits a stronger As bioaccumulation capacity
compared to other freshwater algae (Hasegawa et al., 2010). It has a
favorable capacity in manipulating pH homeostasis, and to a certain
extent it can affect pH levels in water to favor its own growth (Pang
et al., 2013). Such characteristics make it an ideal candidate to be
considered as a potential biosorbent (Rzymski et al., 2014; Sun
et al., 2014). Since microalgae research is important for both the
phytoremediation of wastewater and pollution prevention of algal
products, an in-depth understanding of As metabolic functions in
microalgae is urgently needed.

Many abiotic factors affect the metabolic functions of alga
contaminated by As, such as As levels (Gong et al., 2009; Hasegawa
et al., 2001), hydrogen ion levels (pH) (Hasegawa et al., 2001; Zhang
et al., 2013), and key nutrient concentrations of nitrogen (N) and
phosphorus (P) in culture media (Hasegawa et al., 2001; Wurl et al.,
2013; Lei et al., 2012; Wang et al., 2014a). Moreover, the similar
chemical structures between PO4

3� and AsO4
3� do not only influence

algal growth but also promote competitive behavior in the way in
which they uptake, accumulate, and release ingested arsenical
compounds (Wang et al., 2013a, 2014b). Biotransformation of As(V),
which occurs via the intracellular methylated As content of mon-
omethylarsonic acid (MMA) and dimethylarsinic acid (DMA) in
alga, can also be significantly impacted by changes in P content in
media (Wang et al., 2013a; Duncan et al., 2015; Karadjova et al.,
2008; Guo et al., 2011; Foster et al., 2008).

It has also been suggested that N content in growth media can
affect As accumulation in algal cells. Wang et al. (2014a) reported
that As(III) transporters in Chlamydomonas reinhardtii were unaf-
fected by nitrate in the medium, but they observed induced syn-
thesis under N-limited cells. Additionally, Maeda et al. (1993)
reported that As(V) accumulation by Nostoc sp. decreased with an
increase in ambient N concentrations. Additionally, pH levels in
aquatic environments can influence As biosorption, which plays an
important role in As detoxification for various algal species (Zhang
et al., 2013; Ma et al., 2015). An interconversion between As(III) and
As(V) may also occur under different pH conditions (Smedley and
Kinniburgh, 2002; Bears et al., 2006). Moreover, it was found that
As accumulation in Vallisneria natans (Lour.) Hara increased under
increasing pH levels (Chen et al., 2014a). Additionally, pH can affect
As methylation (Sadiq, 1997). Maeda et al. (1992) observed that pH
affected both total As (TAs) concentrations and relative concentra-
tions of methylated As excretions from Chlorella vulgaris cells that
accumulated in the presence of As.

The factors mentioned above have been separately studied un-
der controlled conditions in laboratories using much higher con-
centrations than those that normally exist in uncontaminated
aqueous environments (Duncan et al., 2013). To date, there are only
a limited number of available studies related to effects of metabolic
As functions in alga, particularly those associated with As(V). Given
that they are the essential environmental factors that influence
both algal growth and As metabolism as well as integrated and
systematic effects of As(V) levels, N and P concentrations, pH levels
on algal growth, and As metabolism itself, these metabolic func-
tions associated with As in alga remain unclear and require further
investigation (Wang et al., 2015). To further understand environ-
mental factors that impact As(V) uptake, we investigated As
biotransformation and release in M. aeruginosa, aspects of its
growth, intracellular As accumulation in algae cells, and release
after algae death. Furthermore, to decrease the number of experi-
ments while evaluating impacts of each parameter independently,
we applied Taguchi methods under their relevant statistical as-
sumptions to determine optimum environmental conditions for As
biotransformation and release in M. aeruginosa. The method we
used in this study is favorable for experimental replications that are
concerned only with key effects of design parameters (Zolfaghari
et al., 2011; Rao et al., 2008).
2. Materials and methods

2.1. Experimental design

To study the effects of the four controllable parameters (As(V),
pH, N, and P) on M. aeruginosa growth as well as the metabolic
functions of As, we used Taguchi methods to identify optimal
conditions as well as to determine key parameters that influence
algal growth, As(V) biotransformation, and As efflux from dead algal
cells. In this study, these four factors were assumed to be inde-
pendent under Taguchi methods. The most important feature of
Taguchi methods is its application of an orthogonal array to
determine parameters of controllable factors with the aim to
minimize impacts of uncontrollable factors (noise) (Chen et al.,
2014b). Therefore, it allows for analyses which prioritize compar-
ative impacts of these factors on algal growth, As(V) biotransfor-
mation, and As efflux from dead algal cells.

In this study, three different levels of each environmental factor
represent low, intermediate, and high pollution levels of nutrients,
pH, and As under real-world aquatic conditions (Yan et al., 2016). As
shown in Table 1, we selected levels of N and P according to the
maximum values of surface water environmental quality standards
in China to represent mesotrophic, eutrophic, and hypereutrophic
aquatic systems (Rahman and Hasegawa, 2012). In addition, the pH
levels we selected represent actual pH freshwater ranges, and As(V)
concentrations were similar to those measured in natural aquatic
systems under low, intermediate, and high pollution levels (Yan
et al., 2016; Caumette et al., 2011). Based on the Taguchi design
concept, we selected the L9 (34) orthogonal array, and experimental
conditions were obtained (Table 2) by combining the information
provided in Table 1 and the L9 (34) orthogonal array (Jeff and
Hamada, 2009).

We used experimental data to determine optimal experimental
conditions that we assessed using analysis of variance (ANOVA)
(Canovas et al., 2004). Also, an analysis of the signal-to-noise (S/N)
ratio was needed to evaluate experimental results. Because the
target of this study was to maximize the algae growth rate, As
accumulation, As biotransformation, and As release from algal cells,
we used the S/N ratio with biggest characteristics as shown in Eq.
(1):

S
N

¼ �10 log

2
64
Pn

i¼1

�
1
yi

�2

n

3
75 (1)

where n is the number of repeated measurements under the same
experimental conditions, and yi represents the measured value.



Table 2
Experimental L9 (34) orthogonal array.

Treatment Parameters

NO3
�-N/ (mg/L) PO4

3�-P/ (mg/L) pH As(V)/mM

E1 2 0.02 6 0.1
E2 2 0.2 8 1.0
E3 2 1.0 10 10
E4 4 0.02 8 10
E5 4 0.2 10 0.1
E6 4 1.0 6 1.0
E7 10 0.02 10 1.0
E8 10 0.2 6 10
E9 10 1.0 8 0.1
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Based on control factors within the given levels, we adopted the
analysis of means (ANOM) statistical approach to develop optimal
conditions. In addition to ANOM, we utilized ANOVA to statistically
evaluate the influence of each factor on M. aeruginosa growth, As
biotransformation, and release from dead cells in culture media
(Zolfaghari et al., 2011). We then calculated the percentage
contribution (PC) of each factor using the following equation:

PC ¼ SSF � ðDOF � VErÞ
SST

� 100 (2)

where SST is the total sum of squares; SSF is the factorial sum of
squares; VEr is the variance of error; and DOF is the degree of
freedom. ANOVA provided the DOF, SST, SSF, and VEr values. We
conducted calculations and applications of Taguchimethods as well
as univariate ANOVA results using theMinitab 17 software package.
We used the Pearson correlation coefficient to reveal relationships
between As speciation and environmental factors using IBM SPSS
Statistics 21 software.
2.2. Phytoplankton culture maintenance

In Milli-Q water (18.2 mU cm�2; Millipore), we prepared stock
solutions of 1000 mg/L NO3

�-N and As(V) as well as 100 mg/L PO4
3�-

P from NaNO3, using it as the N source, Na3AsO4$12H2O (Fluka, p.a.)
as the As(V) source, and KH2PO4 as the P source. We also prepared
nine modified BG-11 media according to the treatment provided in
Table 2. We then adjusted the pH solution using 1 M H2SO4 or 1 M
NaOH.

We obtained M. aeruginosa (FACHB-905) cultures from the
Freshwater Algae Culture Collection of the Institute of Hydrobiol-
ogy, China. All M. aeruginosa stock cultures were operationally
sterile and were prepared using an autoclave sterilized modified
BG-11 medium at 25 �C and centrifuged at 90 rpm under a 16:8
light source: dark cycle (40 mmol photons m�2 s�1).
2.3. Batch culture preparation

The M. aeruginosa cultures that we used were incubated in BG-
11 without adding additional N and P for 48 h after exponential
phases of algal suspension growth were centrifuged and washed
twice in sterile Milli-Q water. We separated the above cultures into
nine equal parts, which were once again centrifuged and washed in
sterile Milli-Q water. They were aseptically transferred to nine
sterile 1 L Erlenmeyer flasks (2 replicates per treatment), contain-
ing 250mL of different autoclaved sterilizedmodified BG-11media,
according to Table 2. All above treatments were generated in
duplicate with a re-suspended initial cell density of approximately
106 cells/mL.

Furthermore, we cultured batch treatments in an illuminated
incubator shaker for 96 h. We then harvested approximately 20 mL
of the algae via centrifugation at 4500 � g for 10 min. We then
froze, freeze-dried, and stored cell pellets for analysis. Media was
also frozen to determine total As (TAs) and the specific As species. At
the same time, to determine changes in specific algal growth rates,
we ascertained cell concentrations by measuring optical densities
at a wavelength of 682 nm using a Thermo UVeVis spectropho-
tometer (Thermo Scientific Evolution 300, Thermo Fisher Scientific,
USA) (Wang et al., 2013b).

2.4. Efflux analysis

We quantified As efflux from dead algal cells in each treatment
after 96 h batch incubation. We first collected algal cells in 50 mL
culture media and then successively rinsed them with Milli-Q
water and an ice-cold phosphate buffer, after which they were
heated in awater bath at 50 �C for 10min to retrieve dead algal cells
(Wang et al., 2014b; Miao and Wang, 2006), which kept cells intact
to examine under a microscope. We re-suspended dead algal cells
in a 20 mL BG-11 medium for 8 h before they were used to detect
TAs content in alga and As species in media under each treatment.

2.5. Detection and analytical methods

We conducted digestion of the freeze-dried alga to determine
cellular content of TAs using concentrated nitric acid (HNO3)
(Merck, Darmstadt, Germany), and we usedmicrowaves as the heat
source as described by Yin et al. (2011). We determined TAs con-
centrations using an Agilent 7500cx ICP-MS (Agilent Technologies,
Santa Clara, CA, USA), operating in collision cell mode. Measured
masses were 75As, 72Ge, and 103Rh, the last two serving as checks for
signal stability.

Furthermore, As species analysis was processed using HPLC-ICP-
MS according to our previously described method (Wang et al.,
2013b). In brief, we extracted As from freeze-dried alga in 1%
HNO3 overnight and digested it using the same microwave accel-
erated reaction system approach (CEMMicrowave Technology Ltd.,
Matthews, NC, USA). After we filtered the alga through 0.45 mm
cellulose acetate syringe filters, extracts as well as the media itself
were analyzed for As species content. The different As species
(As(III), As(V), and organic As (OAs) of DMA and MMA) were sepa-
rated using a PRX-100 anion-exchange column (10 mm;
250 � 4.1 mm; Hamilton, CA, USA) using a precolumn (11.2 mm;
from 12 to 20 mm). Themobile phase consisted of 10mMNH4H2PO4
and 10 mMNH4NO3, adjusted to a pH level of 6.2 using either HNO3
or ammonia, and run isocratically at 1.0 mL/min. We identified As
species in samples by comparing their retention time to known
standards, including As(III), As(V), MMA, and DMA, which were
prepared using Na3AsO4$12H2O (Fluka, p.a.), NaAsO2 (Alfa Aesar),
NaCH4AsO3 (Fluka), and NaC2H6AsO2 (Sigma-Aldrich), respectively.

3. Results and discussion

3.1. Algae growth

The final cell density and specific growth rate obtained at the
conclusion of the 96 h experiment were plotted in Fig. S1, which
further indicated variation in parameter level combinations. Cell
density ranged from 6.72 to 9.71 � 106 cells/mL, with an overall
mean of 7.72 ± 1.11� 106 cells/mL and a coefficient of variation (CV)
of 0.14; while the specific growth rate ranged from 0.18 to 0.28/
d with an overall mean of 0.22 ± 0.04/d and a CV of 0.16. The
specific growth rate was similar to bacterioplankton in actual
aquatic systems (Rao et al., 2009). Paired with a CV of 0.14 for cell
density and 0.16 for the specific growth rate, these results indicated
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that variation in M. aeruginosa growth affected by environmental
factors was relatively high and must therefore not be ignored
(Oscar, 2000). We summarized the mean S/N ratio for a given factor
at each parameter level for cell density and the specific growth rate
as an S/N response, which we provided in Fig. 1a, b (Table S1),
respectively. These maximum S/N ratio values represent optimum
conditions, yielding the maximum cell density and specific growth
rate found in this study (Table S1). Based on the S/N ratio, optimal
parameters for algal growth were A (NO3

�-N) at level 3 (10 mg/L), B
(PO4

3�-P) at level 2 (0.20 mg/L), C (pH) at level 1 (6), and D (As(V)) at
level 1 (0.1 mM). Combinedwith the final maximum cell density and
specific growth rate at E8 (Fig. S1), optimum levels of NO3

�-N and
PO4

3�-P were ascertained at medium N: P mass ratio of 50. Coinci-
dentally, M. aeruginosa was reported to have dynamic increase in
the specific growth rate at an optimummediumN: P ratios between
20 and 100 (Amano et al., 2012; Downing et al., 2005).

Table S2 provides ANOVA results for cell density and the specific
growth rate ofM. aeruginosa, which shows the key effects of factors
on algae growth. The four main environmental factors (As(V), N, P,
pH) had a significant impact on algal growth (P< 0.05). According to
their magnitudes, the PC rank order of each factor for cell density
was: (1) NO3

�-N (42.40%), (2) PO4
3�-P (30.08%), (3) pH in culture

media (11.29%), and (4) As(V) (8.05%). The PC of errors for cell
density was 8.63%. For the specific growth rate, the factor rank
order was: (1) NO3

�-N (40.72%), (2) PO4
3�-P (28.13%), (3) As(V)

(9.74%), and (4) pH (8.93%). In view of this, NO3
�-N was found to be

the most influential among the four factors on algal growth while
PO4

3�-P was the second most influential factor. Moreover, N is
extremely important for algae growth since M. aeruginosa requires
a greater amount of N than P to support growth, especially under
nutrient-limited conditions (Dai et al., 2008). Additionally, the
ability ofM. aeruginosa to uptake N is inferior to its ability to uptake
P (Amano et al., 2012). Specifically, an increase in NO3

�-N could
Fig. 1. Mean S/N ratios for (a) cell densities and (b) sp
facilitate M. aeruginosa growth. Similarly, Lee et al. (2000) showed
thatM. aeruginosawas positively correlated to an increase in nitrate
concentrations whether in situ or in lab culture experiments. At the
same time, M. aeruginosa has the capacity to absorb and store P as
polyphosphate granules in external portions of its cells, which
makes it successfully respond to various P concentrations while
demonstrating no significant changes in growth rate (Otten et al.,
2012). Also, its growth was seldom inhibited by As(V) under given
conditions due to its high As(V) tolerance (Wang et al., 2013b).
Collectively, M. aeruginosa could be used for bioremediation in As
polluted water, where N levels are the key factor in regulating algae
growth.

3.2. Intracellular arsenic bioaccumulation

We ascertained TAs content and As species in algal cells after
96 h in culture media (Fig. S2). The predominant species was As(V),
accounting for greater than 82% of TAs. Also, As(III) was found in all
treatments, and small amounts of DMA was present in some
treatments. This indicated an As(V) reduction and methylation in
M. aeruginosa cells. Pearson correlation coefficient results yielded
0.58 (P < 0.05) between intracellular As(III) and N in media, 0.50
(P < 0.05) between As(V) and N, and�0.48 (P < 0.05) between As(V)
and P. Thus, N in media could facilitate As(V) assimilation as well as
its reduction in cells, but P in media could inhibit As(V) accumu-
lation by impeding As(V) influx into cells via P transport systems or
by competitively binding to active ArsC (an arsenate reductase)
sites (Slaughter et al., 2012). In all treatments, the maximum TAs
content accumulated in alga cells was approximately 412 mg/g
(Fig. S2). High As bioaccumulation and its facilitation by N in media
indicated that N could affect algae bioremediation in As polluted
water.

We summarized the mean S/N ratio (Table S3) for a given factor
ecific growth rates as affected by As, N, P, and pH.



Fig. 2. Mean S/N ratios for (a) intracellular As(V), (b) As(III), and (c) TAs in M. aeruginosa as affected by As, N, P, and pH.
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at each parameter level for intracellular As(V), As(III), and TAs as an
S/N response (Fig. 2a, b, c). Maximum S/N ratio values represent
optimum conditions that generated maximum As accumulation in
this study, and we found them to be under identical conditions for
As(V), As(III), and TAs, with A (NO3

�-N) at level 3 (10 mg/L), B (PO4
3�-

P) at level 1 (0.02 mg/L), C (pH) at level 3 (10), and D (As(V)) at level
3 (10.0 mM). This indicated that M. aeruginosa could accumulate
greater As(V) in cells under high As(V) ambient concentrations,
coexisting with low P and high N concentrations. Similar studies
demonstrated that the addition of P in the environment could
significantly decrease As(V) uptake by Chlorella salina (Karadjova
et al., 2008) and M. aeruginosa (Guo et al., 2011). Although it was
suggested that As accumulation by Nostoc sp. (Maeda et al., 1993)
and Chattonella antiqua (Yamaoka et al., 1996) also decreased with
an N increase in media, this effect was opposite to our results by
which As accumulation increased with the addition of N. Moreover,
As could reduce N uptake and adversely affect N assimilatory
enzymatic activity (Ghosh et al., 2013). Due to its inferior ability in
N uptake and storage, M. aeruginosa growth rates were adversely
affected by N limitations in media (Amano et al., 2012). These re-
sults differed from Nostoc, whose superiority under N-limited
conditions is due to their N2 fixation capacity (Havens et al., 2003).
Similarly, this also differed from C. antiqua, where As accumulation
was inhibited by N at levels higher than 18 mg/L (Yamaoka et al.,
1996). These results implied that different algae species respond
differently to As accumulation in association with changes in N
concentrations.

Table S4 provides ANOVA results of intracellular As(V), As(III),
and TAs. These results illustrated the main effects of environ-
mental factors on intracellular As bioaccumulation. The four
environmental factors investigated in this study had a significant
impact on intracellular TAs concentrations (P < 0.001), and they
were statistically significant for intracellular As(V) and As(III)
(P < 0.01) with the exception of factor C (pH). Hence, pH levels in
media had less effect on As species transformation and distribu-
tion compared to N, P, and As(V) concentrations did in media.
Similarly, we found obvious effects of pH on specific growth rates
of algae in this study, and this was due to the species' good
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capacity in pH homeostasis (Pang et al., 2013). The PC factor rank
order for intracellular TAs was: (1) As(V) (56.8%), (2) PO4

3�-P
(25.5%), (3) NO3

�-N (9.1%), and (4) pH in culture media (6.2%).
Intracellular As(V) yielded similar results with the exception of a
close PC value between PO4

3�-P (24.9%) and NO3
�-N (24.8%), illus-

trating identical effects between P and N. NO3
�-N (31.4%) was the

most influential factor on intracellular As(III), followed by As(V)
(25.2%) and PO4

3�-P (16.2%). Being key factors affecting intracel-
lular TAs and As(V) accumulation, their similarity in chemical
properties between P and As determined that P was second to As
in rank and order. Similar findings were reported for C. reinhardtii,
Scenedesmus obliquus (Wang et al., 2013a), C. salina (Karadjova
et al., 2008), M. aeruginosa (Wang et al., 2014b), and Pennisetum
clandestinum Hochst (Panuccio et al., 2012). Nevertheless, the
importance of N in influencing intracellular As(V) levels, particu-
larly As(III), demonstrates that N must not be overlooked as an
important factor in As biogeochemical cycling. Wang et al. also
reported the essential importance of N in As bioaccumulation in
C. reinhardtii treatment experiments (Wang et al., 2014a).
Compared to As(V), the higher PC of errors observed for intracel-
lular As(III) could originate from its low concentrations. It is
important to note that we did not analyze factors associated with
DMA since it was detected only in the E4, E7, and E8 treatments,
which were coincident with maximum S/N values between the 9
TAs, As(III), and As(V), respectively (Table S3).

3.3. Arsenic biotransformation in media

With the exception of As(V), we detected As biotransformation
and DMA in media after 96 h in algal culture (Fig. S3), ranging from
0 to 72.4 mg/L and from 0.52 to 1.79 mg/L, respectively. This detox-
ification through the biotransformation of As(V) to DMA in media
further indicated that M. aeruginosa could be used to remediate As
polluted water (Jasrotia et al., 2014). At the same time, we
concluded that As(III) was the dominant As species in culture me-
dia, accounting for approximately 81.4% of TAs in the E7 treatment.
We detected high As(III) with only small amounts DMA in culture
media for the E4, E7, and E8 treatments, showing that high As(V)
reduction and As(III) effluxwith low Asmethylation occurred under
conditions of high intracellular As accumulation. Results from these
treatments further confirmed that although As(III) methylation
could be the rate-limiting step, As(V) reduction could not be (Ye
et al., 2012). Compared to other treatments, the higher As
biotransformation in conjunction with a lower ambient As(V) level
in the E7 treatment made the higher toxicity of As(III) the dominant
substitute species for As(V), aggravating potential eco-
environmental risks. Similar results were observed for Closterium
aciculare (Hasegawa et al., 2001). This phenomenon must therefore
not be disregarded when alga are used in bioremediation for As
polluted water.

Variations in the S/N ratios for the different environmental
factors in culturemedia are provided in Fig. 3a, b, and c and Table S5
for As(V), As(III), and DMA. Accordingly, we identified optimum
conditions as combinations of A1 (NO3

�-N, 2 mg/L), B3 (PO4
3�-P,

1.00 mg/L), C2 (pH, 8), and D3 (As(V),10.0 mM) for the highest As(V)
in culture media (Fig. 3a); A3 (NO3

�-N, 10 mg/L), B1 (PO4
3�-P,

0.02 mg/L), C1 (pH, 6), and D3 (As(V), 10.0 mM) for the highest As(III)
in culture media (Fig. 3b); and A3 (NO3

�-N, 10 mg/L), B3 (PO4
3�-P,

1.00 mg/L), C3 (pH, 10), and D3 (As(V), 10.0 mM) for the highest DMA
in culture media (Fig. 3c). Although high As(III) and DMA concen-
trations in media were primarily caused by the high As(V) levels, its
reduction to As(III) in mediawas inclined to occur in high N and low
P concentrations under slightly acidic environments. Similarly, low
external P concentrations could facilitate As(V) reduction and
excretion (Wang et al., 2014b).
From ANOVA results of As biotransformation in culture media
(Table S6), we determined that the factor rank order for As(V) was:
(1) As(V) (84.7%), (2) PO4

3�-P (2.8%), (3) NO3
�-N (2.1%), and (4) pH in

culture media (0.7%). We only found that As(V) and PO4
3�-P had

significant effects (P < 0.01) on As biotransformation in culture
media. For As(III) in culture media, however, the four environ-
mental factors were statistically significant (P < 0.001) with a rank
order of (1) As(V) (47.5%), (2) NO3

�-N (24.1%), (3) PO4
3�-P (19.8%), and

(4) pH in culture media (6.9%). Although As(V) concentrations had
the highest PC (47.5%) for DMA in culture media (P < 0.05), low
concentrations in each treatment could result in a relatively high
experimental error (66.5%). Previous studies showed that As(III)
and DMA excretion could be regulated by P levels in culture media
(Hellweger et al., 2003). However, as the principal factor, N
exhibited a significantly positive effect on As(III) concentrations in
culture media after As was introduced (Fig. 3b). In combination
with the essential contribution to intracellular As(III), N should not
be overlooked as a factor in M. aeruginosa As(V) biotransformation,
and this is particularly important for As(III) transformation. This
would result in algal growth acceleration, which would further
improve As(III) accumulation and efflux, promoting As(V) to As(III)
reduction.

3.4. Arsenic release from dead algae

This study found that As was rapidly released from dead algal
cells. Fig. S4 shows that approximately 57.5%e92.9% As was
released after 8 h resuspension (Fig. S4). Thus, As efflux from dead
algae could be a potential risk, which rapidly occurs at significant
levels after alga blooms in As polluted water. We investigated As(V),
As(III), and DMA in efflux media except for the E4, E5, and E9
treatments without As(III) being detected (Fig. S5). For treatment
E9, organic As (OAs) comprised approximately 53.7% of TAs in efflux
media. For the other treatments, As(V) was the main As species,
ranging from 57.6% to 99.5% of TAs efflux in culture media. It should
be noted that OAs could be produced as a consequence of the
breakdown of dead cells (Hasegawa et al., 2001).

Fig. 4a, b, c, and d (Table S7) provide the plot of mean S/N ratios
for As(V), As(III), and DMA and the As efflux ratio as a function of the
four environmental factors in efflux media. The optimum condition
for As(V) efflux in media was the combination of A1 (NO3

�-N, 2 mg/
L), B2 (PO4

3�-P, 0.20 mg/L), C3 (pH, 10), and D3 (As(V), 10.0 mM); for
As(III) it was A2 (NO3

�-N, 4 mg/L), B3 (PO4
3�-P, 1.00 mg/L), C3 (pH,

10), and D3 (As(V), 10.0 mM); and for DMA it was A2 (NO3
�-N, 4 mg/

L), B2 (PO4
3�-P, 0.20 mg/L), C1 (pH, 6), and D1 (As(V), 0.1 mM). The

highest As efflux ratios were A2 (NO3
�-N, 4 mg/L), B3 (PO4

3�-P,
1.00 mg/L), C3 (pH, 10), and D1 (As(V), 0.1 mM). A pH level of 10 was
optimal for As release to actuate in dead alga cells; the exception
being DMA at a pH level of 6. Likewise, excreted total As concen-
trations from C. vulgaris increased with increasing pH (Maeda et al.,
1992).

From ANOVA results of As efflux in media (Table S8), we found
that As(V) concentrations and pH levels were statistically significant
for As(V) efflux (P < 0.01) at approximately 90.2% and 3.8% PCs,
respectively, and they displayed an increasing trend as their levels
increased (Fig. 4a). The high As uptake in algae with increasing
initial concentrations of As(V) could result in high As efflux from
dead cells. The factor rank order for As(III) efflux was: (1) pH in
media (35.1%), (2) As(V) (32.4%), (3) PO4

3�-P (21.3%), and (4) NO3
�-N

(1.02%). The factor rank order for DMA efflux was: (1) PO4
3�-P

(46.8%), (2) pH in media (20.7%), (3) As(V) (16.5%), and (4) NO3
�-N

(2.7%). The pH factor yielded principal effects on As(III) and meth-
ylated As (OAs) efflux. The minimum As(III) efflux concentration
occurred at a pH level of 8 (Fig. 4b), and methylated As in efflux
media decreased as pH levels increased (Fig. 4c). Similarly, Maeda



Fig. 3. Mean S/N ratios for (a) As(V), (b) As(III), and (c) DMA in culture media as affected by As, N, P, and pH.
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et al. (1992) demonstrated that the relative amount of methylated
As in excreted As increased with decreasing pH levels (from 9.0 to
5.3) in C. vulgaris. However, reasons for such pH effects on As
excretion are still unclear.

NO3
�-N concentrations exhibited the lowest PCs, and they had

no statistical significance on As species efflux in media. However,
ANOVA results on the As efflux ratio from dead algal cells revealed
that NO3

�-N concentrations were the key factor after PO4
3�-P con-

centrations, with PCs of 18.2% and 27.6%, respectively. This high-
lights the fact that N yielded essential effects on As(V)
biotransformation and biogeochemical cycling. Moreover, P had a
significant effect on the As efflux ratio from alga as well as on DMA
in media. We found that optimal P concentrations for algal growth
was under 0.2 mg/L (Fig. 1), and alga also had the smallest As efflux
ratio at this P concentration (Fig. 4d), which was consistent with
DMA efflux results (Fig. 4c). Therefore, small amounts of As that
accumulated under conditions of low As concentrations and high P
concentrations were securely stored in living algal cells, and they
were easily released during decomposition after cell death.
3.5. Environmental implications

By applying M. aeruginosa and the Taguchi methods, this study
was able to systematically examine the optimal conditions of As(V),
pH, N, and P that would result in maximal algal cell density, specific
growth rates, As accumulation and bioaccumulation, and efflux
from dead algal cells as well as the principal effects of concentra-
tions of the four controllable environmental factors investigated in
this study. Being the first report on how these ambient environ-
mental factors influence As metabolism in freshwater algae, this
study provides new insight into how ambient environmental fac-
tors could be used to regulate As metabolism. Our findings will be
useful in understanding practical applications and the overall
control of key environmental factors, particularly those related to
algal bioremediation in As polluted water. However, we must also
consider in detail the statistical assumptions and limitations
involving in no cross term effects while using the Taguchi methods
(Parks, 2001).



Fig. 4. Mean S/N ratios for (a) As(V), (b) As(III), (c) DMA, and (d) the As efflux ratio in culture media released from dead algal cells as affected by As, N, P, and pH.
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4. Conclusions

(1) N accelerated algal growth, which subsequently improved
As(III) accumulation and its efflux and in turn promoted
As(V) to As(III) reduction rates. Accordingly, N should be
treated as a key factor in M. aeruginosa As(V) biotransfor-
mation, particularly on As(III) transformation.

(2) Low P and highN concentrations in this studywere beneficial
to As accumulation.
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