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Abstract

Algae reduce and methylate arsenate, producing arsenite (As(l11)) when the growth rates are high and dimethy-
larsinic acid (DMA) when the growth rates are low. In lakes, this leads to high As(I11) concentrations in the early
stages of spring and fall blooms and high DMA concentrations in the summer. We hypothesize that under phosphorus
(P)-limited conditions, which usually exist in the summer, algae take up phosphate (PO,) and, because of similar
chemical characteristics, As(V) as well. Inside the cell, As(V) is reduced to As(I11), methylated to monomethylar-
sonic acid (MMA) and DMA, and then excreted. However, under non—P-limited conditions, which exist in the early
stages of blooms, algae up-regulate their PO, transport system to take up excess P, a phenomenon known as luxury
uptake. Since As(V) is taken up by the PO, transport system, As(V) uptake also increases at this time. Within the
cell, the reduction of As(V) to Ag(l1) is fast, but methylation is slower, causing As(l11) to build up in the cell and
be excreted, which, in turn, causes an increase in extracellular As(I11). This mechanism permits the synergistic
(luxury uptake) and antagonistic (competition) effects of PO, on As(V) uptake and can therefore explain the seem-
ingly contradictory results found in the literature. A mathematical model is constructed on the basis of existing
established algal—nutrient interaction models and is used to simulate As transformation in two laboratory batch
experiments. In addition to algal and P responses, the model can reasonably well reproduce the observed As(I11)

peak during the log growth phase and the more gradual appearance of DMA during the stationary phase.

It has been >20 yr since Sanders and Windom (1980)
pointed to a pattern in As transformation by algae. In their
words, ““Arsenic reduction takes place only when the phy-
toplankton assemblage is in the log phase of growth, there-
fore the spring bloom [. . .] should contribute a large major-
ity of the reduced arsenic species, with asmaller contribution
from the smaller fall bloom.” After the log phase, As re-
duction ceases, and the reduced As(l11) is oxidized to As(V),
often at comparable rates, leading to As(lll) peaks in the
spring and fall. Subsequently, Howard et al. (1982) observed
the occurrence of methylated As, mostly DMA, during the

1 To whom correspondence should be addressed. Present address:
HydroQual, 1 Lethbridge Plaza, Mahwah, New Jersey 07430 (ferdi@
hydroqual .com).

2 Present address: Civil and Environmental Engineering Depart-
ment, University of Delaware, Newark, Delaware 19716.

Acknowl edgments

We thank Hiroshi Hasegawa for providing the data from his ex-
periments. Paul Dombrowski and two anonymous reviewers pro-
vided useful comments on the manuscript. This work was funded
by the National Institute of Environmental Health Superfund Basic
Research Program grant P42ES10344.

summer. These trends are evident in the data from Lake
Biwa, Japan, where As(l11) peaks occur coincidentally with
the early stages of spring and fall blooms (when the algae
are in the log growth phase), and DMA is highest during the
summer (Fig. 1).

Previous work—Seasonal changes in As speciation have
been reported for several waterbodies, besides Lake Biwa.
In the River Beaulieu, United Kingdom, As(l11) concentra-
tions generally peaked in the spring and were followed by
a more gradual appearance of methylated species during the
summer (Howard et al. 1984). The same pattern was ob-
served in Southampton Water, United Kingdom (Howard and
Apte 1989). In Upper Mystic Lake, Massachusetts, spring
and fall As(l11) peaks were observed. DMA was highest in
the summer, with the buildup lagging As(l11) in the spring
(Aurilio et a. 1994). In Davis Creek Reservoir, California,
aweak As(l11) peak was present in the fall (no samples were
taken in the spring), and DMA was found in the summer
(Anderson and Bruland 1991). As(I11) was produced in the
spring, but it persisted throughout the summer, in Lake Grei-
fen, Switzerland (Kuhn and Sigg 1993). Neither As(l11) nor
DMA was observed in the epilimnion of Crowley Lake, Cal-
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Fig. 1. As speciation in Lake Biwa, Japan. () As(l1), MMA,
and DMA; (b) As(V) and PO,; and (c) algae concentrations as a
function of time. Data for Sta. S3, epilimnion, 1993, from Sohrin
et a. (1997).

ifornia (Kneebone and Hering 2000). Data were collected
only three times during this study, and it is possible that,
because of the short duration of the As(I11) peaks, they were
mi ssed.

Similar behavior has been observed in batch experiments.
During the log phase, As(I11) peaks, and methylated species,
mostly DMA, occur gradually during the course of the ex-
periment. This is evident in laboratory batch experiments
(Hasegawa et a. 2001) and in field experiments in Chesa-
peake Bay (Sanders and Riedel 1993). In a mesocosm ex-
periment in Loch Ewe, Scotland, no As(lIl) or methylated
species were found near the surface (3 m) (Apte et al. 1986).
However, the water at the bottom of the bag, where settled
algae collected, contained 64% DMA. Therefore, despite
some exceptions, this phenomenon—i.e., that As(l11) is pro-
duced at high growth rates and DMA at lower growth
rates—appears to be common to many waterbodies and can
be reproduced in batch experiments. To date, no mechanistic
explanation has been presented for these observations.

Proposed mechanism—We hypothesize that these season-
a changes in As speciation are linked to the luxury uptake
of P by algae as depicted in Fig. 2. Under P-limited condi-
tions, which exist in the summer, algae take up As(V), re-
duce it to As(l11), methylate it to MMA and DMA, and then
excrete it. However, under non—P-limited conditions, which
exist in the early stages of blooms, algae up-regulate their
PO, transport system to take up excess B a phenomenon
known as luxury uptake. Large quantities of As(V) are also
taken up by the PO, transport system at this time. Within
the cell, the reduction of As(V) to Ag(l11) is fast, but meth-
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Fig. 2. As transformation by algae. (a) P-limiting conditions
and (b) non—P-limiting conditions. Size of text corresponds to spe-
cies concentrations. Size of arrows corresponds to rates. The general
reaction sequence is as proposed by Cullen et al. (1994a).

ylation is slower, causing As(lIl) to build up in the cell.
Intracellular As(I11) is then excreted, causing the increase in
extracellular As(l11).

This paper presents a mathematical model to support this
hypothesis. The model builds on existing established algal—
nutrient interaction models, which are reviewed in the next
section. The extension of the model to arsenic is then pre-
sented. Each process in the proposed reaction scheme (Fig.
2), including uptake, excretion, reduction and methylation,
and extracellular reactions, is discussed. Finally, we present
the application of the model to data from the laboratory
batch experiments of Hasegawa et al. (2001).
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Existing algal-—nutrient interaction models

Mass balances—When modeling the uptake and transfor-
mation of a constituent (e.g., P) by algae, it is convenient to
start with the mass balance of the constituent in the medium.

ds
_ = — +
p VX + WX (@D)]
and in the alga cells
aQ .
i VX — WX 2

where S (mol L-?) is the concentration of constituent in the
medium, Q (mol L) is the concentration of constituent in
the algae (per unit volume of water), X (mg carbon [C] L-2)
isthe algal biomass, V (mol g C-* d-1) is the specific uptake
rate, and W (mol g C-* d?) is the specific excretion rate. It
is convenient to normalize the mass in the algae to the algal
biomass, which is called the cell quota (q = Q/X). The mass
balance for the cell quota is as follows:
dg

G VW ©)
where u (d%) is the specific growth rate. The last term in
Eqg. 3 accounts for the decrease in cell quota due to an in-
crease in biomass. Thisis also referred to as growth dilution.

Algal growth—Under nutrient-limiting conditions, the
specific growth rate of the algae is a function of the cell
quota of the limiting nutrient (Droop 1974).

%

= 1-— 4
w Mmax( q> 4
where w.., (d71) is the hypothetical maximum specific
growth rate at infinite g, and g, (mol g C~*) is the subsistence
cell quota at which growth is zero. For growth on multiple
nutrients, the rate is controlled by the nutrient in minimal
supply (Liebig's law of the minimum). Equation 4 is ex-

tended using a threshold operator (Droop 1974).

(1—%>,(1—%),...,LH
On Os

The subscripts A, B, . .. refer to different nutrients, and the
constant L,, is the growth-limitation threshold, which ac-
counts for limitation by a nutrient not explicitly considered
(e.g., ahypothetical nutrient H, as proposed by Droop 1975)
or some other factor.

©)

K= HmgMin

Uptake—Uptake of nutrients and other constituents can
be active or passive, but in this application, we are only
concerned with active uptake. Active transport is conven-
tionally modeled using the Michaelis-Menten enzyme sat-
uration equation.

S
V=V (6)

where V., (mol g C-* d?) is the maximum uptake rate, and
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Ky (mol L-%) is the half-saturation constant. PO, uptake is
conventionally modeled using Eq. 6, but it often deviates
from Michaelis-Menten kinetics. Most importantly, it varies
with the intracellular concentration (cell quota), with in-
creased uptake rates observed at both low (P starved) and
high (luxury uptake) cell quotas as discussed below.

Uptake by P-starved cells—It has been observed that a-
gae with low P cell quotas (i.e., P starved) take up PO, at a
much faster rate than algae with higher cell quotas. This can
be modeled by adding a noncompetitive inhibition term to
Eqg. 6 (Rhee 1973).

S 1
V=1V 7
Ky S(1+ i/Ki) 0
where i (mol g C™) is the inhibitor concentration, and K;
(mol g C%) isthe inhibition constant. Rhee (1973) finds that
a number of internal P compounds (e.g., polyphosphates,
RNA P lipid P) can serve as the inhibitor.

Luxury uptake—At the opposite end of the spectrum un-
der non—P-limiting conditions, PO, uptake also deviates
from Michaelis-Menten kinetics. Algae, when grown under
non—P-limited conditions (e.g., N-limited conditions), take
up PO, at amuch higher rate (Droop 1974; Rhee 1974). This
can be modeled as a separate uptake system that *“ switches”
on or off depending on the nutrient status of the algae. Rhee
(1974) suggests the following luxury uptake model, where
the net uptake rate is proportional to the growth rate.

Vie =V = W = uq, )

where V,, (mol g C* d?) is the net specific uptake rate,
and g, (mol g CY) is the steady-state cell quota for non—P-
limited conditions.

Luxury uptake is evident in batch culture, as illustrated
by the data of Droop (1975) and Hasegawa et al. (2001)
presented in Fig. 3 (the model lines will be discussed later
in the paper). The data show that P cell quotas are high
during the log phase and low during the stationary phase.
The reason for this behavior is that during the log phase,
cells are not P limited, and as in continuous culture, they
up-regulate their PO, transport system, causing high P cell
quotas. Later in the experiments, the algae are P limited,
luxury uptake ceases, and P cell quotas drop accordingly.

Generally, higher P cell quotas during the log phase do
not by themselves demonstrate luxury uptake. At first
glance, it appears that the Michaelis-Menten uptake model
could predict this because the PO, concentrations decrease
during the course of the experiment. However, quantitatively,
the data do not agree with the Michaelis-Menten model (see
Web appendix 1 at http://www.aslo.org/lo/toc/vol -48/issue-
6/2275al.pdf). To further illustrate luxury uptake, we cal-
culate uptake rates for PO,, assuming the cell quotas are at
steady state, which is a reasonable assumption for timescales
greater than a few days (Di Toro 1980), and neglecting ex-
cretion (Eq. 3, V = wq). The uptake rates are plotted against
extracellular concentrations in Fig. 4. The As data will be
discussed later in the paper. The rates at the highest concen-
trations (circled points in Fig. 4), corresponding to the log
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Fig. 3. Luxury uptake of PO, in batch culture. P cell quota as
a function of time. Note different units between panels. Transition
between log and stationary phase is defined to occur at the mini-
mum du/dt. (a) Data for Monochrysis lutheri from Droop (1975).
The lines are the model’s prediction (see text). Parametersfor ** This
Model”: same as in Droop (1975), except 0. o, = 50 fmol cell -,
Ky po, = 3.0 umol L=, and Wy, = 0.6 fmol cell~* d=*. (b) Data
for Closterium aciculare from Hasegawa et al. (2001).

growth phase, are very high and cannot be explained by the
Michaelis-Menten model (line in Fig. 4).

As demonstrated by Droop (1975), luxury uptake in batch
culture can be simulated using a combination of Michaelis—
Menten and luxury uptake models, and Droop’s model re-
sults are presented in Fig. 3a. The key is to dynamically
differentiate between P-limited and non—P-limited conditions
and use the appropriate uptake model. Whether the algae are
P limited or not is determined by the threshold equation for
growth limitation (Eg. 5), with P-limited conditions assumed
to exist when the P-limitation term (1 — q,,/0) is the lowest
of all the terms in the minimum operator.

Excretion—EXxcretion can be active or passive, but in this
application, we are only concerned with passive excretion.
For passive transport, the rate is proportional to the concen-
tration gradient across the cell membrane. The excretion rate
is defined as follows:

W = P Aq(depear — S )

where P, (cm s7%) is the membrane permeability coefficient,
A (M? g CY) is the specific cell surface area, g (Mol g
CY) is the cell quota subject to excretion, and p., (g C
Lcell 1) is the volumetric cell C density, i.e.,, the concentra-
tion of C per unit cell volume. In Eq. 9, the cell quota subject
to excretion (gz) can be different from the total cell quota
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Fig. 4. Luxury uptake of PO, and As(V). PO, and As(V) uptake
rates as a function of medium concentration for algae grown in
batch culture. Observed uptake rates are calculated on the basis of
steady-state mass balance (Eqg. 3, dg/dt = 0, W = 0, V = wQ). Line
corresponds to Michaelis-Menten uptake model (Eg. 6) fit by eye
to PO, data. Circled data are affected by luxury uptake and are not
included in the curve fit. As* isthe hypothetical ‘‘no-excretion” As
cell quota (see text). Data for Closterium aciculare from Hasegawa
et a. (2001) (high As(V) experiment).

(q) when afraction of the constituent isin aform unavailable
for diffusion (e.g., structural P vs. dissolved PO,).

The excretion of PO, is a significant process, asillustrated
by the radioactive PO, tracer data of Lean and Nalewajko
(1976) (Fig. 5a). In these experiments, a small amount of
2P0, is added to a culture, and the distribution between the
algae and medium is followed as time progresses. The algae
quickly take up most of the 2PO,, and after about 60 min,
equilibrium is established. The data can be used to estimate
the excretion of PO,, as described by Lean and Nalewako
(1976), who provide first-order excretion rate constants.
Since the intracellular PO, concentrations are typically sev-
eral orders of magnitude greater than the external concen-
trations (e.g., Rhee 1973), S can be assumed negligible in
Eqg. 9. The first-order rate constants can therefore be equated
to P, A.ipe- ASsuming reasonable values for p, and A,
the first-order excretion rate constants were converted to per-
meability coefficients to provide a range of values for this
application (see caption of Fig. 5).

To calculate excretion, the intracellular dissolved PO, con-
centration (gec,) needs to be estimated. It is reasonable to
assume that g.,, would be correlated to the total P cell quota.
In that case, the excretion rate would increase with P cell
guota and growth rate. However, thisis not supported by the
experimental evidence. The experiments of Lean and Nale-
wajko (1976), conducted with algae at various growth stages,
show no relationship between excretion and growth rates.
Olsen (1989) estimated decreasing excretion with increasing
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Fig. 5. PO, and As(V) excretion. Radioactive %2PO, and “As(V)
concentrations as a function of time. (a) Data for (1) Chlorella pyr-
enoidosa (P,, = 0.13-0.27 X 10-° cm s7%), (2) Scenedesmus quad-
ricauda (P,, = 0.68-1.9 X 10° cm s%), and (3) Anabaena flos-
aquae (P, = 6.9—24 X 10° cm s*) from Lean and Naewajko
(1976). (b) Data for Chlorella vulgaris from Maeda et al. (1992a)
(P, = 33 X 102 cm s%). Assumed p,, = 40 g C L (see Table
5), and A, = 15 m? g C-* for a sphere with a diameter of 10 um.

growth rates. The reason for this is that algae store excess
P mostly as polyphosphates and less as PO,. Thiswas illus-
trated by Rhee (1973), who found that although the intra-
cellular concentration of PO, increased with growth rate, the
relationship was “ill defined” compared to that of poly-
phosphates. For simplicity, we assume a constant PO, cell
quota, which results in a constant excretion rate.

Extension to arsenic

General model description—The model presented in this
paper includes state variables for algal biomass, B and As
species as listed in Table 1. The mass balance equations for
each constituent are written on a volume water basis as in
Egs. 1 and 2 (Egs. 1-1 through 1-11, Table 1). The model
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Table 1. Model state variables and mass balance equations.

X = alga bhiomass concentration (mg C L—1):

dx
i uX (1-1)
S, = external PO, concentration (mmol P L1):
d
% = Vo, X + Weo, X (1-2)
Qs = g-X = interna P concentration (mmol P L-1):
d
%‘ = Vg, X = Weo, X (1-3)
Sy = external As(V) concentration (mmol As L ):
B v, X+ WagoX + S 1-4
dt - As(V) As(V) kO,As(III) As(I11) ( 3 )
Qasqyy = OasyX = internal As(V) concentration (mmol As L-1):
dQ
% = VAS(V)X - WAS(V)X - VR,As(v)X (1'5)
Saany = external As(l11) concentration (mmol As L—1):
as,
% = WAs(III)X - kO,As(III)SAs(III) + kDM,MMAS\/IMA (1'6)
Qasiiy = GaguyX = internal As(l11) concentration (mmol As L—1):
OIQAS‘””——W X + VaagnX — V, X 1-7
T - AS(IIT) RAS(V) M, AS(II1) ( 3 )
Suma = external MMA concentration (mmol As L—1):
ds,
TMA = WMMAX + kDM,DMASDMA - kDM.MMASvule (1'8)
Quva = QuwaX = internal MMA concentration (mmol As L -1):
M—fW X+, X = VyuuaX 1-9
dt - MMA M,AS(IIT) MMMA ( » )
Sua = external DMA concentration (mmol As L—1):
ds,
TMA = WpyaX — kDM,DMASJMA (1-10)
Qova = OomaX = internal DMA concentration (mmol As L -2):
d
% = ~WouaX + Vi umaX (1-11)

follows the reaction sequence presented in Fig. 2. Kinetic
equations (i.e., uptake rate) are presented in Table 2 and are
discussed in detail below.

The model contains state variables for As(V), As(lll),
MMA, and DMA, which are the dominant arsenic species
in surface waters. It should be noted that other more complex
organic arsenic compounds (i.e., arsenosugars; Lunde 1973;
Francesconi and Edmonds 1997) make up a significant frac-
tion of arsenic inside the algal cells. These compounds, how-
ever, have not been detected outside the algal cell, and in-
formation on their formation/transformation reactions inside
the cell islimited. In this application, we are concerned with
the uptake, transformation, and excretion of arsenic by algae,
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Table 2. Model kinetic equations.

Hellweger et al.

Alga growth
=t i (1 - q—) L. (21)
'3
Uptake
g So
e PO, -+ if P-limited*
(Vi @+ S Kogan) + S
Veo, =0 (2-2)
O po, : if not P-limited*
o KM*,PO4(1 + SAs(V)/KM*,As(V)) + S:Q,
o SAS(v) . .
e if P-limited*
[rereK @+ SofKunrod + Sy
Vasyy = 0 s (2-3)
) : o
O if not P-limited*
QLL VAS(V)KM*,As(v)(l + S’OAIKM*,POA) + SAs(V)
Excretion Reduction and methylation
Weo, = PrpoAci (Gro,Pean — Seo,) (2-4) Veasy)y = kR,As(V)qu(V) (2-9)
WAs(v) = Pm,As(v)Acell(qu(v)pcell — SAs(V)) (2'5) VM aiy = {kM,As(III)qu(III) if P-limited* (2_10)
. . 1 i e
WAs(m) = Pm,As(III)AceII(qu(III)pceII - SA5<|||)) (2-6) kM*'AS('”)qAS(”') If not P-limited
Wina = Pm,MMAAceII(qMMApoeH — Suma) (2-7) Viumma = kM‘MMAqMMA (2-11)
Woma = Pm,DMAAceII(QDMApoeH — Soma) (2-8)

* P-limited conditions exist when (1 — q,5/Qp) < L in Eq. 2-1.

and we therefore limit the model state variables to the spe-
cies directly involved in the general reduction and methyl-
ation sequence (As(V) - As(lll) = MMA - DMA). Be-
cause of this simplification, the ability of the model to
predict the full arsenic speciation in agal cellsis limited.

Uptake—The first step in the overall transformation re-
action is the uptake of As(V) by algae. Killed or metaboli-
cally inhibited algae do not take up significant amounts of
As(V) (e.g., Andreae and Klumpp 1979; Klumpp 1980),
which shows that As(V) is taken up by an active transport
system. As(V) is toxic, and there is no known metabolic
function for it, making it unlikely that the algae have an
active transport system specifically for As(V). It is reason-
able to assume that, because of the chemical similarities of
As(V) and PO,, the PO, uptake system cannot differentiate
between As(V) and PO, and that As(V) is taken up by the
PO, transport system. The Michaelis-Menten uptake model
(Eq. 6) is areasonable first approximation for simulating PO,
uptake, and As(V) uptake has been observed to exhibit sat-
uration Kinetics (e.g., Klumpp 1980). However, the devia-
tions from Michaelis-Menten kinetics observed for PO, (i.e.,
luxury uptake, as discussed above) are important for As(V)
uptake as well. Strong evidence exists for the luxury uptake
of arsenic, as shown below.

Luxury uptake—A key element to our hypothesis is that
As(V) uptake is also affected by luxury uptake. Unfortu-
nately, rigorous continuous culture experiments, such as

those of Droop (1974) and Rhee (1974), have not been per-
formed with As(V), but data from batch experiments are
available to support our contention. For example, P and As
cell quotas from the experiments of Hasegawa et a. (2001)
and Yamaoka et al. (1988) are presented in Fig. 6 and show
that As cell quotas follow the same pattern as P cell quotas
affected by luxury uptake during log growth (Fig. 3). This
is evident in the As cell quotas for the experiments using
high As(V) concentrations (Fig. 6a,c). The experiment with
lower As(V) concentrations (Fig. 6b), however, does not ap-
pear to follow that pattern. That is because As(V) is trans-
formed and excreted by the algae, as is evident by the pres-
ence of As(l11), MMA, and DMA in the medium (these data
are presented Figs. 9, 10). The As cell quotas are therefore
not representative of the total amount of As(V) taken up by
the cells. To better illustrate the effect of luxury uptake, a
““hypothetical no-excretion As cell quota”’ (As*) is comput-
ed by converting the concentration of As(ll1), MMA, and
DMA in the medium to an equivalent cell quota and adding
that to the observed cell quota, since those species must have
been internal As prior to transformation and excretion. The
As* cell quota has a pattern similar to that of the P cell
quota (Fig. 6a,b). No As speciation was performed by Ya
maoka et al. (1988); hence, As* cannot be computed for Fig.
6c.

As with PO, uptake, higher As cell quotas during the log
phase are qualitatively consistent with the Michaelis-Menten
model, but a more quantitative analysis demonstrates that
this model cannot explain As(V) uptake (see Web appendix



Greedy algae reduce arsenate

Log > < Stationary
4
S_/-\ F2 s~
o L g L
5 w0 0 X SN
—_ 4 ™ —_ =
=3 2 a 5 ©
8 g F1 gw) g
~ E o 2 E
° o0
0 - -0
4
P P 0003 g ~
g Lb)l) * 0O As gb
2] K As* [ 0.002 g%"
by Q
8 § © g
~ E F0001 2 E
do
o OoX28 8 em w u
10 1.5
C —~
o 84
g7 b o
s 5 g
(SRR g — 2:0
33 el
S g e © 05 o E
~ E o[ e < &
m (m]
0 T T T DI T T 0
0 5 10 15 20 25 30 35
Time (day)

Fig. 6. Luxury uptake As(V) in batch culture. P and As cell
guotas as a function of time. Note different units between panels.
Transition between log and stationary phase is defined to occur at
the minimum du/dt. The y-axis values for P and As cell quotas are
scaled on the basis of the initial PO,: As(V) ratio in the medium.
As* is the hypothetical *‘no-excretion” As cell quota (see text). (a,
b) Data for Closterium aciculare from Hasegawa et a. (2001). (c)
Data for Dunaliella sp. from Yamaoka et al. (1988). Initial medium
concentrations (umol L-%): (a) PO, = 19, As(V) = 12; (b) PO, =
11, As(V) = 0.010; and (c) PO, = 33, As(V) = 5.4.

1). As was performed for PO,, As(V) uptake rates were cal-
culated and plotted against the extracellular concentrations
in Fig. 4. Again, the rates at the highest concentrations (cir-
cled data in Fig. 4), corresponding to the log growth phase,
are very high and do not conform to the Michaelis-Menten
model.

The luxury uptake model used in this application for both
arsenic and P is based on Rhee's (1974) model (Eq. 8) with
two modifications. First, since our model explicitly accounts
for excretion, Rhee’'s model is used for gross uptake rather
than net uptake. Second, a Michaelis-Menten term is added
to the model. This is done even though the uptake rate is
not observed to vary with extracellular PO, concentration.
The reasons for including the Michaglis-Menten term are
that it provides a more mechanistic description of uptake via
an active uptake system and that it will provide a basis for
describing competitive uptake as discussed below. The lux-
ury uptake model used is as follows:

(10)
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Fig. 7. PO, and As(V) uptake competition. PO, and As(V) up-
take rates as a function of substrate concentrations for various in-
hibitor concentrations. Lines correspond to Eq. 12 with parameters
listed in Table 3. (a) Data for Euglena gracilis from Blum (1966).
(b, ¢) Data for Skeletonema costatum from Sanders and Windom
(1980).
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for Chlorella vulgaris from Suhendrayatna et al. (1999). TMA, tri-
methylarsenic compounds. (b) Data for C. vulgaris from Goessler
et al. (1997).

where g,. (mol g C?) is the steady-state cell quota, and K.
(mol L) is the half-saturation constant for nonlimiting con-
ditions. Following the modeling strategy of Droop (1975),
the uptake model (‘‘regular” or luxury uptake) used depends
on whether the algae are P limited.

- S if P-limited
D\/maxm It P-limit
=0
it
4% Ts

P-limited conditions are assumed to exist when the P-limi-
tation term in the growth-limitation equation (Eg. 5) is the
minimum. This model can produce a time course of P cell
guotas similar to that in the model by Droop (1975), as il-
lustrated by the solid line in Fig. 3a

Vv (12)

if not P-limited

Uptake competition/preference—If As(V) is taken up by
the PO, transport system, then As(V) and PO, should com-
pete for uptake sites on the cell membrane, causing mutual
inhibition of transport. Thisis indeed observed, asillustrated
by the data of Blum (1966) (Fig. 7a) and Sanders and Win-
dom (1980) (Fig. 7b,c). As shown, the uptake rate of PO,
decreases with increasing As(V) concentration and vice ver-
sa. It should be noted that although mutual inhibition is gen-
eraly observed, some exceptions have been reported (e.g.,
Budd and Craig 1981). Competitive uptake can be modeled
by extending the Michaelis-Menten model.
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Fig. 9. Astransformation by algae at ambient As concentration.
(@ Ag(lll), MMA, and DMA; (b) As(V) and PO,; and (c) agae
concentrations as a function of time. Data for Closterium aciculare
from Hasegawa et a. (2001). The lines are the model’s prediction
(see text).

S
v VmaXKM(l +1/K)+ S (12)
where | (mol L) is the inhibitor concentration, and K, (mol
L-Y) is the inhibition constant. For As(V) transport, the in-
hibitor is the PO, concentration, and the inhibition constant
is the PO, half-saturation constant and vice versa. Table 3
lists the parameter values used to fit the data of Blum (1966)
(Fig. 7a) and Sanders and Windom (1980) (Fig. 7a,b) as well
as the parameter values presented by Takahashi et al. (2001).
Parameters for the model application to the Hasegawa et al.
(2001) data (discussed subsequently) are also included.
The complete uptake model for PO, and As(V) is pre-
sented in Table 2 (Egs. 2-2 and 2-3). A separate equation is
used for P-limited and non—P-limited conditions. P-limited
conditions are assumed to exist when the P-limitation term
(1 — 9op/0e) in Eq. 2-1 is lower than L. Mutual inhibition
of PO, and As(V) uptake is included for both conditions.

Antagonistic and synergistic effect of PO, on As(V) up-
take—The uptake model proposed in this paper provides
useful insightsinto the effect of PO, on As(V) uptake. As(V)
uptake is competitively inhibited by PO,, which means PO,
has an antagonistic effect on As(V) uptake. However, in-
creasing PO, concentrations can change the algae from P-
limited to non—P-limited status and induce luxury uptake,
causing a large increase in As(V) uptake. This represents a
synergistic effect of PO, on As(V) uptake, which is not ex-
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Fig. 10. As transformation by algae at high As concentration.
@ Aglll), MMA, and DMA; (b) As(V) and PO,; and (c) algae
concentrations as a function of time. Data for Closterium aciculare
from Hasegawa et al. (2001). The lines are the model’s prediction
(see text).

pected and opposite to the obvious competitive interaction.
In fact, this mechanism can settle the controversy in the lit-
erature regarding the effect of PO, concentration on As(V)
uptake and toxicity. Increasing PO, concentration caused a
decrease in As(V) uptake in the experiments by Sanders and
Windom (1980) but an increase in As(V) uptake in the ex-
periments by Andreae and Klumpp (1979). In asimilar man-
ner, increasing PO, concentration caused a decreasein As(V)
toxicity in the experiments by Sanders (1979a) and an in-

Table 3. As(V) and PO, uptake parameters.
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crease in As(V) toxicity in the experiments by Fuhua et al.
(1994). This model can account for both an antagonistic
(competition) and a synergistic (luxury uptake) effect of PO,
concentration on As(V) uptake.

As(V) excretion—Maeda et al. (1992a) performed excre-
tion experiments using radioactive #As(V) (Fig. 5b). Cells
were grown in a medium containing “As(V) and then trans-
ferred to a medium without As(V). “Asis excreted rapidly,
reaching an equilibrium in about 60 min, which is qualita-
tively similar to the PO, experiments of Lean and Nale-
wajko (1976) (Fig. 5a). An analysis similar to that of Lean
and Nalewajko (1976) was used to estimate the permeability
coefficient. The resulting value for the permeability coeffi-
cient (P,aqvy = 33 X 107° cm s7?) is outside the range of
vaues for PO, P, o, = 0.13-24 X 107° cm s™2, see caption
of Fig. 5). The reason for this is unclear. The algae were
allowed to accumulate the “As(V) for 1 week, and it is pos-
sible that a significant amount of the “As(V) was reduced
and methylated in the cell. Once excreted, those forms are
unavailable for uptake, which could distort the equilibrium,
leading to the higher ™As concentrations in the medium.
Unfortunately, speciation data are not available to verify this.
Given this uncertainty, the large range of permeability co-
efficients for PO,, and the lack of further evidence for higher
permeability of As(V), we believe that the differencesin the
permeability coefficients are not significant. We therefore
consider the As(V) and PO, permeability coefficients equal
in this application.

To calculate excretion using Eqg. 9, it is necessary to define
the internal concentration. For PO,, the intracellular dis-
solved concentration was assumed constant because P is
stored using various P compounds (i.e., polyphosphates),
which are not explicitly included in the model. For As, the
intracellular reactions are explicitly included, and excretion
is therefore based on the total concentration (g = Qagy) IN
Eqg. 9). Equation 2-5 in Table 2 constitutes the As(V) excre-
tion model.

As(l11) excretion—The field and laboratory data indicate
that significant amounts of As(l11) are excreted only during

Species Vinacasw) Vinapo, Kuasw T Kypo, T Comment
Euglena gracilis 5.9 56 55 16 Blum (1996)%
Synechococcus sp. 39 0.13 140 18 Takahashi et al. (2001)8
Skeletonema costatum 0.031 110 0.1 1.0 Sanders and Windom (1980)||
Closterium aciculare 0.004 0.15 3.0 0.90 Model applicationy
C. aciculare 45 15 10 10 Model applicationfi#

*mmol g C1d
T umol L%

F Calculated on the basis of data presented in reference. V,,,, converted from cell number—based units, using 1.1 X 10% cell g C%, on the basis of assumed
cylindrical cell shape with diameter = 10 um and length = 30 um and p, from Table 5. Ky, 54, value presented by Blum (1966) is 56 umol L-*, which
is inconsistent with other parts of the paper and thus assumed to be an error. See Fig. 7a.

§ Converted from dry weight—based units using 40% C.

|| Calculated on the basis of data presented in reference. Converted from cell number—based units, using 3.2 X 10% cell g C%, on the basis of assumed
cylindrical cell shape with diameter = 10 um and length = 10 um and p., from Table 5. See Fig. 7b,c.

9 Approximated for comparison as V., = tpals- Gxp = 2.0 X 1072 mol g C* (pae = 0.7 X 1073 — 3.3 X 1073, various species, Sommer [1998]; ..
= 7 X (yp net uptake, Scenedesmus sp., Rhee [1973, 1974]). g, a4y = 6.0 X 1073 mol g C~

# For non—P-limiting conditions.
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the log growth phase. As reviewed above (Fig. 6), total As
cell quotas are higher during the log phase, and As(I11) cell
quotas are aso higher (Goessler et al. 1997), suggesting that
excretion is by passive diffusion. However, As(l11) excretion
has been studied in detail for bacteria and fungi, and for
these organisms, it is an active transport process (Silver and
Phung 1996). Nevertheless we use Eq. 9—the generic pas-
sive diffusion model—in the model for simplicity but rec-
ognize that the processes could actually be active and more
complicated. Equation 2-6 in Table 2 constitutes the As(l11)
excretion model.

MMA and DMA excretion—The transport of MMA and
DMA across biologica membranes is by passive diffusion
(Cullen et al. 1990). Using liposomes (artificial cells), Cullen
and Nelson (1992) measured permeability coefficients for
MMA and DMA of 1.4 X 1072 and 4.5 X 107 cm s,
respectively. These are much lower than those of PO, (0.13—
24 X 10 °cm s ) and As(V) (33 X 10-°cm s1). Thereason
for the difference could indicate a difference in the diffusion
mechanism (i.e., simple diffusion across the lipid bilayer vs.
ion channel, Stein 1986) for the methylated species. On the
other hand, differences in the permeability of DMA and
MMA are in part related to differences in speciation. MMA
and DMA are acids, and only the neutral, fully protonated
species are expected to be subject to significant diffusion
(i.e, g = a.q, in EQ. 9, where «, is a neutral fraction). At
ambient pH (7.4), 6% of DMA is neutral, whereas 0.1% of
MMA is neutral. In addition, Cullen et al (1994b) found that
the permeability of the neutral DMA species is higher than
that of the neutral MMA species. This is presumably due to
structural differences (i.e., OH vs. CH, group). The lower
permeability of MMA undoubtedly contributes to the low
MMA concentrations in water, as suggested by Cullen et al.
(1994a). However, speciation data such as those presented
in Fig. 8, which are discussed in more detail below, consis-
tently show lower intracellular MMA concentrations com-
pared to DMA. The lower intracellular MMA concentration
also contributes to the lower MMA concentrations in the
medium. Equations 2-7 and 2-8 in Table 2 constitute the
MMA and DMA excretion models, respectively.

Reduction and methylation—Once inside the cell, As(V)
is reduced to As(I11). This reaction has been studied in detail
for bacteria and fungi, and the enzymes responsible for the
reduction have been identified (Silver and Phung 1996). The
methylation of As(lIl) in agae has been investigated (e.g.,
Maeda at al. 1992b), but the experimental data are not suf-
ficient to support the development of a kinetic model for the
reactions.

Mechanistically, the most attractive model may be one in
which the methylation capacity is limited and exceeded dur-
ing periods of luxury uptake, thus causing an increase in
intracellular As(I11), which is excreted to the medium. This
is consistent with the intracellular As speciation presented
in Fig. 8, where data show lower ratios of methylated As to
As(I11) during the log growth phase. This indicates that the
methylation reaction could be saturated during the log phase.
However, the data of Hasegawa et al. (2001) (Figs. 9, 10,
discussed in more detail below) show that the same general
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pattern of As transformation is observed at As concentra-
tions varying by three orders of magnitude. A methylation
reaction that saturates at the lower As concentrations could
not produce the large amounts of DMA observed in the high
As experiment.

In the absence of more detailed kinetic information, we
use the simplest possible model that is consistent with the
data. This consists of a set of first-order rate expressions for
As(V) reduction and the two methylation reactions. The rate
constant for As(V) reduction is constant (Eq. 2-9, Table 2).
The rate constants for As(I11) methylation are different for
P-limited and non-P-limited conditions to allow a higher
methylation rate during the stationary growth phase, as dis-
cussed above (Eq. 2-10, Table 2). The rate constant for
MMA methylation is constant (Eq. 2-11, Table 2).

Extracellular reactions—Once excreted into the oxic me-
dium, As(ll1), MMA, and DMA are converted back to the
thermodynamically stable As(V). We assume the reaction
sequence is DMA - MMA - A1) — As(V), with first-
order kinetics and rate constants Koy omas Kowmmar @0 Ko aguiys
respectively. Rate constants from the literature as well as
those used in the model application (discussed subsequently)
are summarized in Table 4. The abiotic rates are generaly
low, and in natural waters, the conversion of DMA and
As(l11) is often microbially mediated. Abiotic As(lI1) oxi-
dation appears to be a function of the light intensity (Johnson
and Pilson 1975, Table 4).

Model application

The model is applied to the data of Hasegawa et al.
(2001), who grew algae isolated from Lake Biwa in axenic
batch cultures under various As(V) and PO, concentrations.
Controlled experiments like these are ideal for afirst appli-
cation of the model, because they eliminate any other pos-
sible effects on As speciation. In particular, bacteria that can
transform As(V) (e.g., Johnson 1972) are not present. Three
experiments were conducted. In the first experiment, As(V)
concentrations were comparable to ambient concentrations
in Lake Biwa. We will refer to this asthe low As experiment.
In the second experiment, the high As experiment, As(V)
concentrations were three orders of magnitude higher and
close to PO, concentrations. This is a very large change in
arsenic concentration and, therefore, is a stringent test of the
model. The model is applied to those two experiments. The
third experiment, which was conducted under possibly N-
limited conditions, was not considered because N is not in-
cluded in this version of the model.

General experimental results—The data are presented to-
gether with the model resultsin Figs. 9, 10. The experiments
begin with high concentrations of PO,, and as a result, the
algae are not P limited and are growing fast. Since the algae
are not P limited, the luxury uptake system is active, causing
the algae to take up large quantities of PO, and As(V). The
resulting reduction in PO, and As(V) medium concentrations
is remarkable considering the low biomass concentrations.
Inside the cell, As(V) is reduced to As(l11) at rates too fast
for the methylation reaction to keep up. The As(lIl) cell
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Table 4. Extracellular reaction rate constants.
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Rate constant
(day—9) Conditions Comment
DMA (kDM,DMA)
0 Acidified or sterile filtered seawater Andreae (1979)
0.1 Abiotic Sanders (1979b)*
0.02 Axenic algal culture Model application
MMA (kDM,MMA)
0.02 Axenic algal cultures Model application
A1) (Koasam)
0 Deionized water, 0.68 mol L-* NaCl Johnson and Pilson (1975)
0.01-0.03 Seawater,T dark and diffuse light Johnson and Pilson (1975)%
~0.1 Seawater, T sunlight Johnson and Pilson (1975)+
0.01-0.02 Filtered and sterilized seawater Sanders (1978)
0.03 O,-saturated distilled deionized water Cherry et a. (1979)
0.05-0.1 Distilled, artificial, and natural seawater Scudlark and Johnson (1982)%
~0.2 Sterilized, nutrient-enriched seawater Matsuto et al. (1984)
0.04-0.06 Abiotic oxidation in ambient estuary water Peterson and Carpenter (1983)
~0.0018 O,-saturated water Eary and Schramke (1990)8
0.8 Axenic algal culture Model application

* Based on analysis of data presented in reference.

T Natural and sterile-filtered seawater at various pH values, salinities, and temperatures (using T <35°C).

f Abiotic rates, see reference.
8§ pH = 7, based on initid rate.

quota increases, and As(I11) is excreted, causing a rapid in-
crease in As(I11) concentration in the medium.

On about day 10, the P cell quota decreases to the point
where the P-limitation term drops below the growth-limita-
tion threshold (L,,, Eg. 2-1), and the growth rate starts to
decrease. Since the algae are now P limited, luxury uptake
ceases, and less PO, and As(V) are taken up. At this time,
As(V) enters the cell at slow enough rates for the methyla-
tion reaction (which is also faster now) to keep up and pre-
vent As(l11) from building up inside the cell. As a result,
less As(l11) is excreted. Without continuous rapid production
of As(l1l) by the algae, the As(l1l) concentration in the me-
dium drops rapidly due to the ongoing abiotic oxidation.
This is accompanied by a corresponding increase in As(V)
concentrations.

Inside the cell, Ag(l11) is methylated to MMA and DMA,
which are excreted, causing an increase in DMA and, to a
lesser extent, MMA concentrations in the medium. Com-
pared to the As(l11) production in the log phase, the cell-
specific rate of DMA production is slow, due to the lower
As(V) uptake rate. However, the resulting increase in the
DMA medium concentration is significant because of the
higher biomass concentrations. On about day 20, the PO,
concentration reaches a minimum, and the algae enter the
stationary growth phase. At that time, the rate of As(V) up-
take increases again because of lessened competition by PO,.

High versus low As experiments—An As(I11) peak occurs
during the log growth phase in both experiments. Relative
to the initial As(V) concentration, the As(111) peak is higher
in the low As experiment. This occurs because the initial
As(V) concentration is well above the half-saturation con-
stant (Ky- aqvy = 10 wmol L-2) in the high As experiment.
As a result, the As(V) uptake system is saturated and is

operating at its maximum rate. The As(V) uptake rate is no
longer a function of the As(V) concentration. The relative
uptake of As(V) and the subsequent reduction and excretion
of Ag(lll) are therefore slower.

Both experiments illustrate uptake competition for both
PO, and As(V). For PO,, inhibition by As(V) affects the PO,
concentration during the stationary phase. At that time, up-
take is balanced by excretion (V = W). At higher As(V)
concentrations, more PO, is required to balance excretion
because of competition. The stationary-phase PO, concen-
tration is therefore higher in the high As experiment. For
As(V), inhibition is not evident in this manner because
As(V) continues to be transformed during the stationary
phase. The effect of PO, inhibition on As(V) transport is
evident in the decrease of As(V) concentration. Both exper-
iments show that As(V) is taken up more rapidly once PO,
is depleted.

Model evaluation—In both experiments, As(l1l) peaks
during the log growth phase, and DMA appears more grad-
ually and later during the experiment. In general, the model
reproduces the major features of the data and provides sup-
port for the proposed mechanism outlined in Fig. 2. Follow-
ing is a brief discussion of the parameter values and a more
detailed evaluation of the model.

Parameter values are listed in Tables 3-5, and a detailed
discussion of how each parameter value was chosen is pre-
sented in Web appendix 2 at http://www.asl0.org/lo/toc/vol-
48/issue6/2275a2.pdf. In general, most parameters are in
reasonable agreement with literature values, where values
are available. However, the As(l11) oxidation rate constant
that is used in the model is outside the range of values in
the literature. The data show the rapid removal of As(lIl)
after the log growth phase, corresponding to K.y, = 0.8
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Table 5. Model parameters and values used in application.
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Name Symbol Units Vaue Comment

Cell properties

Cell carbon density Peal gCm=3 4.0 X 10¢ 10% dry, 40% C

Specific cell surface area A m2 g Ct 13 Simplified geometry*

Biomass unit conversion factor — celgC 1.0 X 10° Simplified geometry* t
Alga growth

Maximum specific growth rate Mmax -1 0.75 0.69 — 3.6F

Phosphorus subsistence quota Oop mol g C* 17 X 10 25 X 10° — 6.7 X 108

Growth-limitation threshold L, — 0.82 0.76]|
Excretion

PO, membrane permeability coefficient Prro, cm st 1.8 X 10-° 13 X 10 — 24 X 108

As(V) membrane permeability coefficient mASY) cm st 1.8 X 10-° 3.3 X 10%#

As(I11) membrane permeability coefficient mAS(I cm st 1.8 X 107 —

MMA membrane permeability coefficient MMA cm st 6.9 X 1013 1.4 X 10-1**

DMA membrane permeability coefficient Proma cm st 22 X 10 45 X 10-**

PO, cell quota Oro, mol g C* 3.2 X 105 ~10% o, TT 3.2 X 10 5%
Reduction and methylation

As(V) reduction rate constant Keasv) d- 10 X 103 —

As(l11) methylation rate constant (P limited) ASl) d 1.0 x 103 —

As(I11) methylation rate constant (not P limited) - ASll) d— 1.0 X 10t —

MMA methylation rate constant Ky mma d- 10 X 103 —

* Assumed cylindrical cell shape with diameter = 8 um and length = 500 um.

T To convert algal biomass from mg C L-* to cells ml~* in Figs. 9, 10.
I Various species, Di Toro (1980).

§ Various species, Sommer (1998).

[ Monochrysis lutheri, Droop (1975).

9l Various species, Lean and Nalewgjko (1976), see Fig. 5a.

# Chlorella vulgaris, Maeda et al. (1992a), see Fig. 5b.

** |iposomes, Cullen and Nelson (1992).

Tt Scenedesmus sp., 0o, = 0.06-0.21 fmol cell %, g, = 1.6 fmol cell-*, Rhee (1973).

1} Scenedesmus quadricauda, ‘‘ exchangeable” PO,, Jansson (1993).

d-1. Thisis significantly higher than any of the abiotic rates
reported in the literature. The cultures were maintained un-
der axenic conditions, which means oxidation is not medi-
ated by bacteria. Johnson and Pilson (1975) found that the
rate increases by up to about an order of magnitude under
sunlight, compared to dark and diffuse light (Table 4). It is
possible the relatively strong illumination of the culture con-
tributes to the high rate observed in the experiments.

Model results for the production of As(l11) in the high As
experiment are higher than the experimental observations.
Several reasons could be considered to explain this over-
prediction. For example, it is possible that As(V) reduction
or As(l1l) excretion (if active) also saturate during the high
As experiment. Since the model does not have a saturation
mechanism for those processes, the reaction rate that is ap-
propriate for the low As experiment may be too fast for the
high As experiment.

The data show an abrupt decrease in As(V) concentration
in the low As experiment on about day 25. This decrease in
As(V) is not accompanied by an increase in As(l11), MMA,
or DMA, which means the arsenic is not excreted. It is un-
clear what the mechanisms responsible for this behavior are,
and the model does not reproduce this feature in the data.

DMA appears after the end of the log growth phase in
both experiments. The modeled DMA concentration during
the low As experiment matches the data very well. For the

high As experiment, however, the data show a more rapid
production of DMA. This may be related to the model pro-
ducing too much As(l11) too early—perhaps because of a
saturation mechanism that is not modeled as suggested
above—thereby depleting the cellular storage of As that
would later be methylated and excreted.

Refinements could be made to the model to better the
agreement in the high As experiment. However, this would
come at the expense of increasing the complexity of the
model. It also must be kept in mind that the As concentra-
tions in the high As experiment are three orders of magni-
tude higher than the ambient concentrations in Lake Biwa.
Therefore, any model refinements to better the fit for the
high As experiment would be of little relevance in explain-
ing As transformations under natural conditions, which is
the focus of this paper.

Summary and outlook—A model for arsenic transforma-
tion by algae was constructed and applied to data from two
laboratory batch experiments. The model can reproduce the
observed arsenic transformation reasonably well, which sup-
ports our hypothesis that As transformation by algae is
linked to the P luxury uptake as outlined in Fig. 2. In the
early stages of spring and fall blooms, algae up-regulate their
PO, transport system (luxury uptake), which causes them to
take up large quantities of As(V). Inside the cell, the reduc-



Greedy algae reduce arsenate

tion of As(V) to As(l11) isfast, but the methylation is slower,
causing Ag(111) to build up in the cell and be excreted, lead-
ing to a peak in As(l11) concentration. During the summer,
the “‘regular” PO, uptake system operates, which takes up
less As(V) than the luxury uptake system, and it operates at
rates slow enough for the methylation reaction to keep up.
Theinternal As(l11) is methylated to MMA and DMA, which
are excreted, leading to higher DMA concentrations in the
summer. Research is currently under way to show that this
algal model, when integrated into a full-lake model, can ex-
plain the field observations (e.g., Lake Biwa, Japan).
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