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Our previous data have shown that inorganic arsenic concentrations were high in Dianchi Lake, China, where Microcystis blooms
often occur. To explore the relationship between arsenic and the growth of Microcystis, the effects of arsenite [As(IIl)] and arse-
nate [As(V)] on the growth and toxin production of M. aeruginosa strain FACHB 905 were tested. Results showed that M. aeru-
ginosa FACHB 905 was tolerant to inorganic arsenic and its growth was not inhibited when the concentration of As(III) was be-
low 10~ mol L™ or that of As(V) below 10~ mol L™". Total microcystin production was stimulated in the presence of 10~ mol L™
As(III) and the response of this M. aeruginosa strain to As(Ill) seemed to be a typical inverted U-shaped hormesis. The content
increase of microcystin-LR per cell indicated that the toxicity was enhanced as M. aeruginosa FACHB 905 was exposed to As(V).
Considering the relatively high concentration of inorganic arsenic in Dianchi Lake (139 pg L™ in epilimnetic water), the origin of
the M. aeruginosa strain, inorganic arsenic favors survival of M. aeruginosa FACHB 905 and may stimulate its microcystin pro-

duction and cellular toxicity.
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Arsenic is a ubiquitous toxic element in aquatic environ-
ments and its residence time in freshwater has been esti-
mated at about 50 years [1]. The main arsenic species, in-
cluding arsenate [As(V)], arsenite [As(III)], monomethy-
larsonic acid (MMAA), and dimethylarsinic acid (DMAA),
have been found to be toxic to phytoplankton at different
potencies and different species have different effects [2-5].
As(IIT) inhibits the incorporation of carbon into glutamate
[2]. As(V) inactivates the phosphate transport system and
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glucose metabolism, because of its similar structure to phos-
phate, and is readily co-transported into the cell [5,6]. Me-
thylated species are shown to be less toxic or even non-toxic
and, therefore, are regarded as detoxified products of some
algae [7,8]. Previous studies indicated that algal sensitivity
to inorganic arsenic may be species specific [6,9,10].
Microcystis is a dominant cyanobacterium that blooms in
the hypertrophic Dianchi Lake, Kunming, China [11]. A
previous survey of this lake showed that the inorganic arse-
nic concentration (arsenate plus arsenite) was 139 pgL™" in
epilimnetic water and 332 mg kg™ in sediment (data not
shown). It is still unclear whether the occurrence of Micro-
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cystis blooms in the lake is linked with arsenic abundance,
and whether arsenic affects the toxin production of Micro-
cystis species, if the linkage exists. The effects of As(III)
and As(V) on growth and toxin production of M. aerugino-
sa, isolated from a harmful algal bloom, were tested in the
present study.

1 Materials and methods
1.1 Growth experiments

The axenic culture of unicellular M. aeruginosa FACHB
905 (FACHB-collection, Chinese Academy of Sciences,
China) isolated from the epilimnetic water of Dianchi Lake
[12] was maintained in BG-11 medium under continuous
illumination at (25+1)°C at a light intensity of 40-55 pmol
photon ms™" by cool white fluorescent light. All experi-
mental batch cultures were prepared in 2.5-L glass flasks
containing 2.0 L medium with Microcystis cultures at an
initial concentration of ~10° cells mL™". The cultures were
aerated with 0.22 pum filtered air. As(IIl) (NazAsOs, A.S.,
China) was added to the culture media at concentrations rang-
ing from 10 to 10 mol L™, and As(V) (Na,HAsO47H,0,
Alfa Aesar, USA) was utilized at concentrations ranging
from 107 to 10~ mol L™". The higher concentrations of ar-
senic, such as 107 mol L™ As(IIl) and 10~ mol L™ As(V),
were applied in this study to explore the inhibitory threshold
doses of arsenic for the growth of M. aeruginosa FACHB
905. Culture in the same growth medium without any arse-
nic species was used as the control. Each treatment was
performed in triplicate. The stock bottles and culture flasks
were soaked in 5% (v/v) HNO; for 48 h and sterilized with
ozone for 20 min prior to use. Culture media were auto-
claved for a minimum of 30 min at 121°C.

1.2 Determination of growth and biomass parameters

Subsamples were taken every 2-3 d, and cell density was
monitored at Aggy with a UV-visible spectrophotometer (Hi-
tachi U-3400, Japan). Direct cell counts were enumerated
using a hemacytometer. And a highly linear correlation be-
tween optical density and direct cell counts (=27, R>= 0.9926)
was observed. Each subsample (50 mL) was filtered through a
pre-weighed glass fiber filter (GF/C, Whatman, UK) under
low vacuum pressure (0.1 MPa). Cells collected on the fil-
ters were used for wet weight analysis, and then for chloro-
phyll analysis according to the methanol extract method [13].
The filtrate was used for analysis of pH and orthophosphate
content. pH was determined with a pH electrode (Orion
230A*; Thermo, USA) and soluble orthophosphate was meas-
ured in the presence of As(V) as described previously [14].

1.3 Analysis of microcystins using HPLC

Fifty milliliter of the sample was used for cell collection
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with the same procedure as described above. The filters
were preserved at —20°C prior to microcystin analysis. Mi-
crocystins were isolated from cells on the filters based on
the method by Ramanan et al. [15]. Each test solution was
analyzed directly by HPLC with photodiode array ultravio-
let (HPLC-PDA-UV) detection. Separation was accomplished
under reversed-phase isocratic conditions with an octadecyl
silica (ODS) column (Cosmosil 5C18-AR, 4.6x150 mm;
Nacalai, Japan) and a mobile phase of methanol: 0.01%
TFA (55:45). The flow rate was 1 mL min". Microcystins
were identified from their characteristic spectra. Quantifica-
tion was carried out using peak areas of the test samples and
comparing them with those of the standards available at
238 nm. The microcystin standards (MC-LR, MC-RR and
[Dha’]MC-LR) were obtained from Kanto Reagents (Japan).
The HPLC-PDA system was an Agilent 1100 series.

1.4 Statistics

Statistical analysis was carried out with Microcal Origin
(version 6.1) software. Student’s #-test was performed to
compare results obtained from controls and treatment cul-
tures. In particular, paired #-tests were conducted on the
control and treatment curves to determine the differences
following exposure. Normality and homogeneity of vari-
ances was checked before statistical tests, and a significance
level of 5% was adopted in all statistical tests.

2 Results

2.1 Effects of arsenic species on growth patterns

The growth curves of M. aeruginosa FACHB 905 exposed
to As(III) at 10°-10 molL™", as shown in Figure 1, were
similar to that of the control, but different from those treated
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Figure 1 Growth curves of M. aeruginosa FACHB 905 in the presence
of various concentrations of inorganic arsenic. Data presented as mean +
standard deviation (n=3).
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with 10~ mol L™" As(III). In the presence of As(III) at 10~
mol L™, there was no growth sign of M. aeruginosa FACHB
905 within the first 6 d, and most cells died during this pe-
riod (Figure 1). Then a slow recovery growth was found on
the following days. pH in the medium decreased from 8.48+
0.11 to 7.83+0.03 in the first 2 d when cells were exposed to
As(IID) at 10 mol L™, which indicated that most cells died
in the first 2 d. However, pH measured in other treatments
increased gradually during the test (data not shown). Com-
pared with the control, the treatments by As(V) did not
show any obvious effect on growth (P>0.05, two-sample
paired #-test), even in the presence of As(V) at 10~ molL™
in the culture medium.

2.2 Chlorophyll a content

The effects of arsenic on the chlorophyll a content of M.
aeruginosa FACHB 905 were different in respect to the
arsenic species and concentrations (Figure 2). Except at 10~
mol L™, the presence of As(V) in the culture enhanced
chlorophyll a yields, with the highest level at 10~ mol L™
As(V). At 107 mol L™ As(III), a decrease in chlorophyll a
content, shown in Figure 2, indicated that As(III) had some
inhibitory effect on the photosynthesis of M. aeruginosa.

2.3 Orthophosphate analysis

In the treatment of 10~ mol L™ As(III), orthophosphate
content increased along with the culture time within the first
day, and reached up to the maximum value (145% of the
initial concentration) on day 6. Compared with the control,
all of the treatments with As(V), except at 10~ mol L
showed a peak value of orthophosphate on the 2nd day, and
orthophosphate levels in the media were shown to be higher
at the end (Figure 3). These results indicated a decrease in
orthophosphate uptake in the presence of As(V).

16
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Arsenic concentration (mol L)

Figure 2 Clorophyll a content of M. aeruginosa FACHB 905 on day 15,
shown for cells grown with various concentrations of inorganic arsenic.
Data presented as mean + standard deviation (n=3). WW indicates wet
weight of the cynobacterium. * indicates a significant difference from the
control (P<0.05).
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Figure 3 Net orthophosphate content in the medium, shown as a per-
centage of the value at the beginning of the experiment, for M. aeruginosa
FACHB 905 grown with various concentrations of inorganic arsenic. Data
presented as mean =+ standard deviation (n=3).

2.4 Microcystin production

The strain M. aeruginosa FACHB 905 produces two main
toxins: microcystin (MC)-LR and [Dha’]MC-LR. Analysis
of cellular microcystins showed that a concentration of
As(III) at 10~ mol L™! inhibited production of both MC-LR
and [Dha’]MC-LR, and the toxin yield was lowest on day 6
(Figure 4(a) and (b)). Total microcystin yields after As(III)
treatment followed an inverted U-shaped pattern, with a
peak value of (0.71+0.03) mgg™' wet weight in the presence
of 107 mol L™ As(II) (Figure 5). With respect to As(V)
treatment, production of MC-LR was stimulated, while
[Dha’]MC-LR content per cell was inhibited at all concen-
trations of As(V) (Figure 4(c) and (d), P<0.01, two-sample
paired t-test). Total microcystin was stimulated by As(V) at
107 and 10~ mol L™ (Figure 5).

3 Discussion

Few reports on the toxicity of arsenic species to Microcystis
species have been documented, although studies on uptake
and transformation of arsenic species by other phytoplank-
ton have been performed [3,16,17]. In the present study, the
inhibitory threshold concentration of As(IIl) to growth of M.
aeruginosa FACHB 905 in culture was between 10~ and
10~ mol L™ (Figure 1). The insensitivity of M. aeruginosa
FACHB 905 to As(IIT) was similar to that of the bacterial
strains, such as Staphylococcus aureus and Escherichia coli
[18], but highly different from that of some marine phyto-
plankton [7]. The recovery growth of M. aeruginosa FACHB
905 occurred after 6 d exposure to 10~ mol L™ As(III).
As(IIT) was quickly oxidized to As(V) by oxygen in the
medium, which was a spontaneous and exergonic reaction
with an estimated standard Gibbs free energy change of
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Figure 4 Effects of inorganic arsenic on microcystin (MC) content per cell in M. aeruginosa FACHB 905. (a) MC-LR content in the presence of As(III);
(b) [Dha’]MC-LR content in the presence of As(III); (c) MC-LR content in the presence of As(V); (d) [Dha’]MC-LR content in the presence of As(V). Data

presented as mean + standard deviation (n=3).
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Figure 5 Total microcystin levels on day 15 in M. aeruginosa FACHB
905 grown with various concentrations of inorganic arsenic. WW indicates
wet weight of the cyanobacterium. Data presented as mean * standard deviation
(n=3). * Indicates a significant difference from the control (P<0.05).

—40.82 kcal/mol [19]. There might be a physiological adap-
tation of an arsenic-tolerant organism [20,21]. It was re-
ported that the stress proteins in some cyanobacterium and
green alga were induced and helped repair denatured pro-
teins and protect cells from damage under stressful condi-
tions [22,23]. M. aeruginosa FACHB 905 might create a
similar mechanism under arsenite stress, and develop the
ability to recover and survive after the oxidization of As(III)
to As(V). Such a mechanism needs to be examined further
in future studies.

M. aeruginosa FACHB 905 was also shown to be toler-
ant to As(V) up to 10~ mol L™". Such tolerance of this

Microcystis strain to As(V) was much greater than that of
many freshwater microalgae, such as Chlamydocapsa cf.
peterfii (EC50:10_6 mol L_l) [24], Stichococcus bacillaris,
which exhibited growth inhibition under 10~ mol L™ As(V)
[4], and Monoraphidium arcuatum (Kors.; 72-h ICsy of 8.06x
107° mol L™) [3]. The higher tolerance of M. aeruginosa
FACHB 905 to As(V) may be explained by one or both of
the following mechanisms: alteration in phosphate transport
or modification of the external toxicant. “Alteration in
phosphate transport” could mean that the cyanobacterial
cells exposed to arsenate might alter the phosphate transport
system to uptake arsenate as little as possible, as demon-
strated by the bacterium Escherichia coli [25]. As shown in
Figure 3, decreased orthophosphate uptake could give some
indirect evidence to support this presumption. The second
mechanism could be that Microcystis might have the ability
to modify the toxicity of the external arsenate. Some cya-
nobacteria could incorporate arsenate into their cells and
reduce it, such as Synechococcus sp. [26] and Phormidium
sp. [27,28]. Furthermore, an arsenate reductase was found in
the cyanobacterium Synechocystis sp. PCC6803 [29,30].

In contrast to other As(II)- and As(V)-insensitive mi-
croorganisms, hepatoxic Microcystis species, causing liver
damage or even liver hemorrhage, is a common group of
bloom-forming cyanobacteria in eutrophic freshwaters
worldwide [31]. At least 76 different microcystin analogues
have been identified in natural blooms and laboratory cul-
tures of cyanobacteria [32]. More specifically, MC-RR, LR
and [Dha’]MC-LR were commonly found in freshwater
cyanobacterial blooms in China [33]. As described above,
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M. aeruginosa FACHB 905 mainly produces MC-LR and
[Dha’]MC-LR. MC-LR is the most common and toxic var-
iant of all the microcystins with an LDs, of 50 pgkg™ [34],
whereas the toxicity of [Dha’]MC-LR is about one fifth of
that of MC-LR [31]. Thus, it is important to analyze varia-
tion in all microcystin types resulting from exposure to in-
organic arsenic in this study. The results from the present
study revealed that As(V) had a significant stimulating ef-
fect on the cellular level of MC-LR (Figure 4(c)), enhancing
the toxicity of this cyanobacterium. The factors that control
the growth and toxin content of individual strains are still
unknown, but may be related to the genetic regulation of
cyanotoxin production [31]. On the other hand, As(V) at a
concentration of 10°~10* mol L™ mildly stimulated syn-
thesis of chlorophyll a in M. aeruginosa FACHB 905 (Fig-
ure 2). It has been found that microcystin was associated
with the thylakoid membranes of M. aeruginosa, which
suggested a close physiological association between micro-
cystins and the photosynthetic machinery of the cell [35].
Microcystin stimulation had also been found in Microcystis
TY-1 isolated from a lake in Taiwan [36], when the strain
was exposed to arsenate (personal communication with
Hong-Nong Chou, unpublished). Our findings suggested
that both As (III) and As (V) took part in the physiological
activity of M. aeruginosa FACHB 905, but it was presumed
that these two inorganic arsenic species exhibited different
uptake modes. As(V) was taken up by the phosphate trans-
port system, with some effects on the genetic regulation for
microcystin production, while As(IIT) might be taken up by
aquaglyceroporins [37] and inhibit net photosynthesis [2].

The response of total microcystin yield in this M. aeru-
ginosa strain to 10°-10~* mol L™ As(III) seemed to follow
an inverted U-shaped hormetic pattern, as described by
Stebbing [38], which varied from being enhanced at lower
doses to being decreased (because of toxicity) at higher
doses. The peak values detected in this study were 123% of
the control when treated with 10”7 mol L™ As(IIl), which
fell within the range of typical hormetic responses proposed
by Calabrese and Baldwin [39] (Figure 5). It is well known
that inorganic arsenic is generally the dominant species in
natural waters [40]. The inorganic arsenic concentration of
139 pugL™" in epilimnetic water of Dianchi Lake was ~10°
mol L™!, implying that inorganic arsenic species may favor
survival of M. aeruginosa FACHB 905 in Dianchi Lake, as
well as stimulating its microcystin production and cellular
toxicity.

To our knowledge, the present study is the first report on
the effects of inorganic arsenic on the growth and microcys-
tin production of M. aeruginosa isolated from a harmful
algal bloom in China. Results showed that M. aeruginosa
FACHB 905 is an As(IIT)- and As(V)-tolerant cyanobacte-
rium. The response of total toxin production to As(III)
seemed to follow a typical inverted U-shaped hormesis and
As(V) could stimulate MC-LR production. Further work is
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warranted to clarify whether arsenate affects cyanobacterial
blooms and microcystin production in natural waters.
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