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Abstract The capacity of Ulva australis Areschoug to toler-
ate and accumulate selenium (Se) supplied in the form of
selenate or selenite was investigated. The macroalga was pro-
vided for 3 and 7 days with concentrations of selenate
(Na2SeO4) or selenite (Na2SeO3) ranging from 0 to 400 μM.
U. australis exhibited the highest ability to accumulate sele-
nium when fed with 100 μM selenate and 200 μM selenite
after 7 days, and accumulation values were respectively 25
and 36 ppm Se. At the same concentrations, stimulation of
the synthesis of chlorophylls and carotenoids was observed.
Elevated doses of selenate or selenite decreased Se accumula-
tion inside algal cells, perhaps through repression of mem-
brane transporters. This effect was more pronounced in thalli
cultivated with selenate. There were no morphological and
ultrastructural alterations in thalli exposed to Se. However,
selenite induced the increase of the oxidized fraction of gluta-
thione (GSSG), perhaps because of its capacity to bind the
thiol group of reduced glutathione (GSH). In conclusion, this
study highlights the capacity of U. australis to resist to very
high concentrations of selenite and selenate, which are nor-
mally toxic to other organisms. Also, the lack of
bioconcentration in U. australis indicates that this alga does
not facilitate delivery of Se in the food chain and remains safe

for consumption when it grows in water bodies contaminated
with Se. Its potential for the removal of excess Se from water
bodies appears limited.
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Introduction

Selenium (Se) is a trace element that is essential for many
normal biologic functions in humans, animals, and microor-
ganisms (Rayman 2000; Novoselov et al. 2002). In
microalgae, the essential requirement for selenium has been
reported at least in 33 species belonging to six phyla, but its
biochemical significance is still largely unclear (Araie and
Shiraiwa 2009).

Selenium can be beneficial, but it can also be toxic. For
humans and animals, the concentration range of Se required as
a nutrient and the amount that causes toxicity are quite narrow
(50–70 μg Se day−1, USDA 2012; Pilon-Smits and LeDuc
2009; Zhu et al. 2009). Low selenium intake can result in
cancer promotion, dysfunction of the immune system, cardio-
vascular diseases, decreased fertility, and hypothyroidism,
whereas excessive dietary selenium can induce adverse car-
diometabolic effects as well as a number of naturally occur-
ring chronic Se poisoning symptoms generally known as
“selenosis” (Rayman 2012).

Because of anthropogenic activities, Se concentration is
increasing in many areas of North America, Australia, New
Zealand, and China, thus posing a risk to human and animal
health. In addition, while in aquatic environments Se level is
known to be usually very low (10−8–10−10 mol L−1)
(Robberecht and van Grieken 1982), there are a number of
water bodies in which Se levels are becoming elevated and Se
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impact on aquatic population and whole ecosystem could oc-
cur (Hartikainen 2005; Chapman et al. 2010).

In aquatic ecosystems, Se is present in two main oxidation
states, Se(IV) selenite and Se(VI) selenate, which dominate
the inorganic dissolved fraction of Se under oxidizing condi-
tions (Cutter and Brulan 1984; Plant et al. 2004). Selenate is
highly soluble and thus more bioavailable than selenite to
aquatic organisms, suggesting that selenate may be the main
dissolved species (Plant et al. 2004; Chapman et al. 2010).
However, selenate and selenite can interchange depending
on water chemical and physical characteristics.

Inorganic Se uptake by microalgae is a key process in un-
derstanding how Se affects aquatic ecosystems (Hamilton
2004). The toxicity of Se on marine algae strongly depends
upon the algal species (Abdel-Hamid and Skulberg 2006;
Wheeler et al. 1982), Se concentration, and oxidation state
(Pastierova et al. 2009; Umisová et al. 2009). Selenite, for
instance, is reported to be less toxic than selenate in many
microalgae (Wheeler et al. 1982).

The capacity to take up selenate and selenite by algae
is known to vary as a function of pH over the range 5 to 9
(Tuzen and Sari 2010; Riedel and Sanders 1996). In
Chlamydomonas reinhardtii, the maximum uptake of sel-
enate occurred at pH 8 whereas selenite absorption signif-
icantly increased at the lower pH values (Riedel and
Sanders 1996). In addition, Se accumulation in algae is
influenced by certain macronutrients, especially sulfur (S)
and phosphorus (P) (Lee and Wang 2001). Sulfur in the
form of sulfate, in particular, is a well-known antagonist
of selenate for the active transport inside cells mediated
by sulfate permeases (Simmons and Emery 2011;
Fournier et al. 2010). On the contrary, selenite transport
activity was not inhibited by sulfate ions in the microalga
Emiliania huxleyi (Araie and Shiraiwa 2009), and two
mechanisms for selenite uptake have been proposed in
this species: an ATP-dependent active transport process
with a high affinity for selenite and a passive transport
process with a low affinity for selenite (Araie et al. 2011).

Uptake studies indicate that both selenite and selenate can
be incorporated into algal cells (Schiavon et al. 2012a;
Wheeler et al. 1982) and affect growth in a dose-dependent
manner (Umisová et al. 2009). Selenium at low dosages can
stimulate the growth of some algae, such as the diatom
Thalassiosira pseudonana (Price et al. 1987) and
Chysochromulina breviturrita belonging to Haptophyceae
(Wehr and Brown 1985). However, Se at high concentration
becomes toxic to algae causing inhibition of growth, alter-
ations of cell ultrastructure, and decrease of storage products
(Fournier et al. 2010; Umisová et al. 2009; Pelah and Cohen
2005; Wheeler et al. 1982). Furthermore, since Se is metabo-
lized through the S assimilation pathway, its accumulation at
high levels in algal cells may interfere with the synthesis of
several S-containing compounds (Umisová et al. 2009).

In the unicellular green alga C. reinhardtii, both selenate
(Geoffroy et al. 2007) and selenite (Morlon et al. 2006) caused
ultrastructural damages to chloroplasts resulting in impaired
photosynthesis. On the contrary, Chlorella sp. could tolerate
selenite up to a concentration of 100 mg L−1 (Pelah and Cohen
2005) and Chlorella vulgaris was shown to produce higher
amounts of stress-related S compounds (phytochelatins and
glutathione) in response to toxic selenate concentrations
(Simmons and Emery 2011).

While the effects of Se in microalgae are well documented,
information from the literature concerning the capacity of
macroalgae to accumulate different inorganic forms of Se is
scarce. In a recent investigation, the capacity of Ulva sp. to
accumulate Se was reported to be strictly dependent on sele-
nate concentration in the growth medium (Schiavon et al.
2012a). The significant increase of superoxide dismutase
(SOD) and catalase (CAT) activities as well as the content of
antioxidant molecules such as phenolic compounds, even at
low external selenate concentration, suggested the existence
of multiple mechanisms in Ulva sp. to cope with Se-induced
oxidative stress (Schiavon et al. 2012a).

The aim of the current investigation was to estimate the
capacity to accumulate and tolerate Se, either in the selenate
or selenite form, by a green laminar seaweed Ulva australis
naturally growing in the Venice Lagoon (Italy). Additionally,
S content in the macroalga was determined as a potential fac-
tor interacting with Se accumulation in U. australis. The ef-
fects of Se accumulation on algal physiology and structure
were assayed by measuring the content of photosynthetic pig-
ments as well as by evaluating ultrastructural and morpholog-
ical changes in the macroalga. Furthermore, the amount of
glutathione (total and oxidized) was measured as Se is known
to induce reactive oxygen species (ROS) in both plants and
Ulva spp., an event that may partially cause an imbalance in
the levels of glutathione (GSH) crucial for Se assimilation.

Materials and methods

Experimental conditions

Thalli of U. australis collected on March 2013 from the
Venice Lagoon (Italy) were thoroughly rinsed in seawater
and cleaned by a soft brush to eliminate any epiphytes present
on their surface. Subsequently, thalli were cut in 15-mm-
diameter disks, placed in flasks containing 1 L of filtered
seawater (Millipore GF/C, 1–2 μm pore size) and kept for
3 days to acclimate inside a climate chamber with a 12-h
light/12-h dark cycle, at a temperature of 20 °C and a photon
flux density of 80μmol m−2 s−1. The initial pH of the seawater
in the flasks was 7.2.

After acclimation, Se either in the form of sodium selenate
(Na2SeO4, Sigma-Aldrich, Steinheim, Germany) or sodium
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selenite (Na2SeO3, Sigma-Aldrich, Steinheim, Germany) was
added to the seawater at the following concentrations: 0
(control) 50, 100, 200, and 400 μM. This wide range of sele-
nate and selenite concentrations was used to determine the
relationship between Se dosage and physiological and ultra-
structural changes.

Thalli were sampled at the beginning of the experiment and
at the 3rd and 7th day of treatment. Before analyses, thalli
were carefully washed with distilled water. For each tested
Se concentration, five replicates were performed, each one
consisting of one flask with 100 disks.

Elemental analysis of Se and S

Samples from thalli (100 mg) were dried for 48 h at 80 °C and
then digested in nitric acid as described by Zarcinas et al.
(1987). Inductively coupled plasma atomic emission spectros-
copy (ICP-AES) was used as described by Fassel (1978) to
determine each digest’s Se and S concentrations. The values
obtained were expressed in milligrams of the element per ki-
logram dry weight.

Quantification of pigments

Chlorophyll and carotenoids were extracted from control and
selenate/selenite-treated thalli with N,N-dimethylformamide
(Moran and Porath 1980). The extracts were kept in the dark
for 1 day at 4 °C (Wellburn 1993) and then analyzed spectro-
photometrically (124, PerkinElmer, Norwalk, CT, USA) at
664 for chlorophyll a, 647 for chlorophyll b and 480 for ca-
rotenoids. The concentrations of chlorophylls and carotenoids
were calculated using the extinction coefficients according to
Inskeep and Bloom (1985) and expressed in milligrams per
gram fresh weight.

Light and electron microscopy

Samples from control and selenate/selenite-treated thalli were
fixed overnight at 4 °C in 3% glutaraldehyde in 0.1M sodium
cacodylate buffer (pH 6.9) and post-fixed at 4 °C for 2 h in
1 % osmium tetroxide in the same buffer. The specimens were
dehydrated in a graded series of ethyl alcohol and propylene
oxide and embedded in araldite. Sections were cut using an
ultramicrotome (Ultracut S, Reichert-Jung, Vienna, Austria).
For light microscopy, thin sections (1 μm) stained with tolu-
idine blue (1% basic toluidine and 1%Na tetraborate, 1:1 v/v)
were observed by a DMR 5000 Leica (Sweden) microscope,
equipped with a digital image acquisition system. For trans-
mission electron microscopy, ultrathin sections (600 Å)
stained with uranyl acetate and lead citrate were observedwith
a transmission electron microscope (TEM 300, Hitachi,
Tokyo, Japan) operating at 75 kV.

Quantification of total GSH and oxidized glutathione

For the quantification of GSH and oxidized glutathione
(GSSG), three samples consisting of multiple disks each were
washed with PBS and deproteinized with 1.5 ml of 6 % meta-
phosphoric acid. After two cycles of freezing and thawing in
liquid nitrogen, the samples were centrifuged at 15,800×g for
20 min and the supernatant was neutralized with 15 %
Na3PO4. The reaction for total glutathione determination
was performed spectrophotometrically at 412 nm (Tietze
1969). Furthermore, for each sample, aliquots of 400 μL were
treated with 8 μL of 2-vinylpyridine, in order to derivatize
reduced glutathione, for 40 min. Oxidized glutathione was
then estimated according to Anderson (1985).

Statistical analysis

Two-way analysis of variance (ANOVA) was applied to the
data. Statistical analysis was performed using SPSS 10.0
(Norusis 1993). All probabilities were two-tailed. Data were
checked for normality and homogeneity of variance (Levene’s
test) and are presented as mean ± SD of five replicates.
Differences between means were evaluated for significance
by using Duncan’s multiple range test (DMRT). Statistically
significant differences (P<0.05) are reported in the tables and
figures.

Results

Determination of selenium and sulfur in U. australis

Selenium accumulation in thalli of U. australis strongly cor-
related with the culture medium concentration of selenate up
to 100 μM (y=7.76x−4.27, R2 =0.99 for the 3-day period
and y = 10.71x − 6.38, R2 = 0.97 for the 7-day period)
(Fig. 1a). Supplying the seaweed with higher selenate dosages
(200 or 400 μM) resulted in a marked decrease of Se accumu-
lation (roughly −63 and −71 % than values measured at
100 μM selenate after 3 and 7 days of Se treatment, respec-
tively). Se accumulation was also time-dependent when sele-
nate was furnished at 50 and 100 μM, as values increased with
the duration of the experiment. At higher doses of selenate, no
differences in Se accumulation were evident between thalli
exposed to the short (3 days) and long (7 days) periods to Se.

A different pattern of Se accumulation was observed in
thalli of U. australis treated with selenite (Fig. 1b). In this
case, the level of Se in the seaweed increased almost linearly
with increasing selenite dosages (y=5.79x−2.74, R2=0.95)
during the 3-day period. After 7 days, the linear correlation
between selenite dose and Se accumulation in thalli was evi-
dent only in the range from 0 to 200 μMSe (y=10.19x−5.40,
R2 = 0.96). Indeed, the concentration of Se in thalli treated
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with 400 μM selenite was about 60 % lower than that mea-
sured in the seaweed cultivated with 200 μM. Generally, the
content of Se increased in thalli with the duration of the ex-
periments, even though Se accumulated more in thalli grown
for 3 days with 400 μM selenite than in thalli harvested after
7 days and exposed to the same selenite concentration.

With respect to S accumulation, while no differences were
observed between thalli of the control condition and those
exposed to selenate for 3 days, an increase of S levels was
evidenced in the seaweed cultivated with 50 and 100 μM
selenate for 7 days (Fig. 2a).

The enhancement of S accumulation inU. australis from 3
to 7 days of cultivation was also observed in thalli exposed to
selenite, although no differences were evident between thalli
of the various experimental conditions (Fig. 2b). Interestingly,
the level of S was lower than in thalli cultivated in the pres-
ence of selenate, regardless of the Se concentration in the
culture medium and the duration of the experiment.

Effect of selenate and selenite on chlorophyll
and carotenoid content

The content of chlorophylls (a + b) and carotenoids in thalli of
U. australis cultivated for 3 days in the presence of 50, 200, or

400 μM selenate was not significantly different from that
measured in thalli cultivated without Se (Fig. 3a). However,
an increase of these pigments was observed in thalli exposed
to 100 μM selenate. A similar trend of chlorophyll and carot-
enoid contents was observed in thalli after 7 days of cultiva-
tion with selenate (Fig. 3b).

When thalli were grown for 3 days in the presence of sel-
enite, values of chlorophylls (a + b) (Fig. 3c) and carotenoids
(Fig. 3d) were generally comparable to those determined in
the controls, although a weak increase in the content of these
pigments was detected in thalli treated with 200 μM selenite.
After 7 days, the content of chlorophylls (a + b) and caroten-
oids in the seaweed treated with the lowest dosages of selenite
(50 and 100 μM) was similar to that measured in the control
thalli, whereas higher selenite concentrations (200 and
400 μM) caused an evident increase of these pigments.

Effects of selenate and selenite on thallus morphology
and ultrastructure

After 3 days of algal cultivation, the presence of either sele-
nate (Fig. 4(a–e)) or selenite (Fig. 5(a–e)) did not affect the
morphology of thalli, as they exhibited similar thickness and
bilayered morphology to the control thalli. Similarly, treating
the seaweed with either selenate (Fig. 4(a–e)) or selenite

Fig. 1 Selenium accumulation in Ulva australis thalli treated with
selenate (a) or selenite (b) concentrations ranging from 0 to 400 μM.
Different letters indicate significant differences between treatments
(P< 0.05, ±SD)

Fig. 2 Sulfur accumulation in Ulva australis thalli treated with selenate
(a) or selenite (b) concentrations ranging from 0 to 400 μM. Different
letters indicate significant differences between treatments (P< 0.05, ±SD)
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(Fig. 5(a–e)) for 7 days did not cause any alteration of the
thalli morphology compared to the controls.

With respect to cell ultrastructure, no significant alterations
were observed between control thalli (Fig. 6a) and those treat-
ed with selenate (Fig. 6b) or selenite (Fig. 6c) for 3 days. Cells
of U. australis thalli incubated with Se showed a normal or-
ganization, with as only difference that the plastids were char-
acterized by an increase in starch granules.

Effects of selenate and selenite on the synthesis of GSH
and GSSG

Selenate supply did not significantly affect the content of total
GSH in Ulva thalli after 3 days of treatment but stimulated
GSH synthesis after a 7-day period (Fig. 7a). The fraction
percentage of the total glutathione that was present in the
oxidized form (GSSG) was slightly reduced in the presence
of 400 μM selenate after 3 days as well as at selenate concen-
trations ranging from 50 to 200 μM after 7 days (Fig. 7b).

The exposure of the seaweed to increasing selenite concen-
trations resulted in a pronounced increase in total glutathione
level (Fig. 7c). This effect was most evident after 3 days of

selenite treatment. In addition, supply with selenite resulted in
an increased fraction of the total glutathione being present in
the oxidized form; this effect depended on the Se concentra-
tion of the treatment (Fig. 7d) and was especially pronounced
in thalli grown in the presence of 400 μM selenite for 7 days.

Discussion

The essentiality of Se for macroalgae has not been established
yet, even though many phytoplankton species require this el-
ement at low concentration (Araie and Shiraiwa 2009). In a
previous study, Ulva spp. growing in the Venice Lagoon were
shown to accumulate and tolerate Se when furnished as sele-
nate up to 100 μM (Schiavon et al. 2012a). Selenate supply to
these algae led to accumulation of ROS, as well as upregula-
tion of enzymatic antioxidant defenses.

The accumulation of Se in U. australis thalli varied de-
pending on the concentration and the inorganic form of Se
provided in the growth medium. Interestingly, selenate led to
dose-dependent accumulation of Se in the seaweed until
100 μM, which was then repressed at 200 and 400 μM,

Fig. 3 Effect of different selenate and selenite concentrations on the level
of chlorophyll (Chl) (a, c, respectively) and carotenoids (Car) (b, d,
respectively). The measurements were performed after 3 and 7 days of

Ulva australis cultivation in the presence of Se. Different letters indicate
significant differences between treatments (P< 0.05, ±SD)
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regardless of the duration of Se exposure. A possible expla-
nation is that U. australis faced selenate concentrations as
high as 200 and 400 μM through a mechanism of Se exclu-
sion, possibly involving the downregulation of at least one
sulfate transporter. In plants and microalgae, for comparison,
selenate and sulfate can be transported over membranes by the
activity of sulfate transporters, which display different affini-
ties for selenate or sulfate depending on the relative concen-
tration of the two anions in the growth medium (Riedel and
Sanders 1996; Terry et al. 2000; Neumann et al. 2003; White
et al. 2004; Umisová et al. 2009; Fournier et al. 2010;
Schiavon et al. 2012b, 2015). Repression of Se accumulation
was also evident inU. australis thalli grown in the presence of
400 μM selenite for 7 days. The decrease of selenite absorp-
tion by U. australis could be due to the inhibition of the ex-
pression or activity of one or more transporters that mediate
selenite influx, perhaps phosphate transporters (Zhang et al.
2014), as a mechanism of resistance to selenite toxicity, ac-
cording to what was assumed in selenite-resistant strains of the
microalga Scenedesmus communis E. Hegewald (ex
Scenedesmus quadricauda; Umisová et al. 2009).

Variations of Se accumulation in the seaweed after 3 days
of treatment with either selenate or selenite were not tightly
associated with changes in S concentration. However, a very
slight increase in S levels were observed in thalli grown with
selenate at 50 and 100 μM on the 7th day, indicating a weak
positive relationship between selenate and S uptake. In the
case of U. australis supplied with selenite, a less clear

Fig. 4 Light microscopy of control (a) and 7-day selenate-treated (b–e)
thalli of Ulva australis

Fig. 5 Light microscopy of control (a) and 7-day selenite-treated (b–e)
thalli of Ulva australis

Fig. 6 Transmission electron microscope details of the cell of control (a)
and 7-day selenate-treated (b) and 7-day selenite-treated (c) thalli ofUlva
australis. The ultrastructure of thalli treated with 100 μM selenite or
selenate was reported as representative example. Note the chloroplasts
with starch (arrows) in the stroma. No evident alterations of ultrastructure
are visible in cells. Bar= 1 μm (a); bar= 1 μm (b); bar= 2 μm (c)
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association between Se and S accumulation was evident.
There was no substantial variation in S concentration among
the thalli exposed to different doses of selenite after 7 days,
although a weak increase in S level occurred between 3 and
7 days of treatment.

With respect to the potential of U. australis to accumu-
late Se, values were lower than those reported for
microalgae, but in line with those previously reported by
Schiavon et al. (2012a). Microalgae generally exhibit a
stronger capacity for Se bioaccumulation compared to
macroalgae, and as a result, their cellular levels of Se
are usually high enough to induce toxicity (Tuner 2013;
Fournier et al. 2010; Umisová et al. 2009; Geoffroy et al.
2007; Reunova et al. 2007). For example, S. communis E.
Hegewald (ex S. quadricauda) cells accumulated
3730 mg Se kg−1 dry weight when exposed to
50 mg L−1 (about 600 μM) Se and cultivated in the pres-
ence of 40 mM S (Umisová et al. 2009).

The high S concentration measured in the seawater
derived from the Venice Lagoon (10–20 mM) (Schiavon
et al. 2012a) that was used as a culture medium could also

affect the capacity of Ulva spp. to accumulate Se. Indeed,
S in the form of sulfate may reduce selenate absorption by
algae because of competition for membrane transporters
(Fournier et al. 2010). In C. vulgaris and C. reinhardtii,
for instance, the uptake rate of selenate was low in the
presence of high sulfate concentrations in the growth me-
dium (Fournier et al. 2010; Riedel and Sanders 1996;
Shrift 1954). Similarly, high phosphate in the seawater
could inhibit selenite uptake (Zhang et al. 2014). In the
Venice Lagoon, the average phosphate concentration re-
ported in the seawater was 0.79 μM (Scarponi et al.
1998).

Interestingly, the trend of Se concentration in
U. australis thalli supplied with selenate highly correlated
with the amounts of chlorophyll and carotenoids. Similar
to Se, the content of these pigments significantly in-
creased in thalli grown with 50 and 100 μM, in agreement
with a previous study (Schiavon et al. 2012a). The obser-
vation that elevate Se concentration in thalli did not injure
chlorophyll levels indicates that the synthesis of these
pigments is not a target of Se toxicity in U. australis.

Fig. 7 Effect of different selenate concentrations on total glutathione (a)
and oxidized glutathione (b). The measurements were performed in thalli
of Ulva australis after 3 and 7 days of cultivation in the presence of
sodium selenate. Effect of different selenite concentrations on total

glutathione (c) and oxidized glutathione (d). The measurements were
performed in thalli of U. australis after 3 and 7 days of cultivation in
the presence of sodium selenite
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With respect to carotenoids, their increase in response to
high Se accumulation could represent one mechanism to
withstand selenate toxicity because of their protective ef-
fects on membrane integrity. Indeed, carotenoids can pro-
tect chloroplast membranes from damage caused by ROS
produced under stress (Young 1991; Havaux 1998).

When thalli were fed with high selenite concentrations
(200 and 400μM), the levels of chlorophylls and carotenoids
increased. A similar trend was observed for glutathione
(GSH), which is known to play a pivotal role in S/Se assim-
ilation in plants via its role in selenite reduction and inhibi-
tion of sulfur transport and assimilation (Dixon et al. 1998;
Anderson andMcMahon 2001; Schiavon et al. 2012b). GSH
can directly scavenge oxidants and free radicals and indirect-
ly remove H2O2, as a component of glutathione systems
(Noctor et al. 2002; Hernández et al. 2015). Selenite at high
concentrations resulted in a strong oxidation of glutathione,
up to 60 %. On the contrary, the fraction of oxidized gluta-
thionewas unaffected in the presence of selenate. The higher
levels of total and oxidized GSH measured in U. australis
thalli treated with selenite may be indicative of the lower
capacity of the seaweed to tolerate selenite than selenate
when supplied at high concentration. It is also possible that
selenite, but not selenate, can be bound by the thiol group of
reduced GSH, thereby making it undetectable in the GSH
assay and leading to a higher fraction of oxidized GSH.
Similarly, arsenite (and not arsenate) is known to be bound
by reduced GSH (Mizumura et al. 2009). Furthermore, the
progressive degradation and oxidation of the glutathione
pool is known to occur upon strong stress impacts (Tausz
et al. 2004). However, the low levels of Se in the seaweed
and the lackof ultrastructural alterations appear todiscard the
hypothesis that Se induced a significant stress condition to
U. australis.

Both selenate and selenite did not affect the morphol-
ogy of U. australis thalli, even at the highest tested con-
centrations. This is similar to results obtained for the
microalga Arthrospira platensis Gomont (ex Spirulina
platensis) treated with selenate (Belokobylsky et al.
2004). While the overall morphology was unaffected, Se
added as either selenate or selenite did affect the ultra-
structure of the chloroplasts, which contained more starch
granules. The plastids are recognized as an important tar-
get of Se toxicity (Geoffroy et al. 2007; Vítová et al.
2011). The results on algal ultrastructure obtained from
different microalgae showed that both selenate and sele-
nite were able to impair the thylakoid membranes, causing
an overproduction of starch granules that became larger as
a consequence (Vítová et al. 2011). The greater amounts
of starch in the chloroplasts of U. australis thalli treated
with either selenite or selenate compared to the organelles
of control thalli may represent a general response of these
organelles to Se, as observed for a number of elicitors.

Conclusions

The macroalga U. australis accumulated more Se in the pres-
ence of selenite when the anion was supplied at a concentra-
tion higher than 200 μM. Elevated doses of selenite or sele-
nate repressed Se influx into algal cells, perhaps through in-
hibition of gene expression and/or activity of one or more
membrane transporters. This effect of repression was more
evident in thalli grown with selenate over a short time period
but comparable between selenate- and selenite-treated thalli in
the longer period. The increased oxidation of the GSH pool in
the seaweed fed with selenite could reflect binding of selenite
to GSH, thereby blocking the thiol group. Indeed, considering
the absence of algal morphological and ultrastructural changes
and the low Se accumulation in thalli, a significant GSH pro-
duction triggered by elevated Se toxicity should not be
expected.

We conclude that U. australis is able to resist concentra-
tions of selenite and selenate that are commonly toxic to or-
ganisms. The resistance mechanism may include exclusion of
Se from accumulation inside thalli and imply a role for GSH.
This study opens the way for further research on the effects of
Se on macroalgae and has relevance for Se movement in the
environment. The lack of bioconcentration in U. australis in-
dicates that its potential for the removal of excess Se from
water bodies is limited and this species does not facilitate
movement of Se in the food chain. Thus, U. australis could
be safe for consumption when water bodies get contaminated
with low levels of Se. High levels of Se as those used in this
study are indeed not commonly found in waters.
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