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ABSTRACT

The removal, uptake and toxicity of chromium in Euglena gracilis cultured in absence and presence
of malate with Cr(VI) or Cr(Ill) was evaluated. The malate extrusion and the extra- and intracellular
Cr(VI) reduction capacity were determined and the contents of molecules with thiol group and ascorbate
were also evaluated. Absence of malate in the medium decreased cell growth, increased Cr(III) toxicity,
induced faster Cr(VI) disappearance from medium, and increased intracellular and intramitochondrial
chromium accumulation. Both chromium species induced soluble and particulate ascorbate-dependent
chromate reductase activities. Cells also secreted large amounts of malate and increased intracellular
contents of thiol-molecules to bind extracellular and intracellular Cr(III), respectively. The former pro-
cess was supported by significant increase in malate-producing enzyme activities and the assessment
of the Cr-complexes indicated the in situ formation with thiol-molecules. The present results establish
new paradigms regarding chromium stress on algae-like microorganisms: (i) Cr(Ill) may be more toxic
than Cr(VI), depending on the culture (or environmental) conditions; (ii) several simultaneous mecha-
nisms are turned on to inactivate chromium species and their toxic effects. These mechanisms, now well
understood may further optimize, by genetically modifying E. gracilis, and facilitate the development of

strategies for using this protist as potential bio-remediator of chromium-polluted water systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It is well documented that most organisms are susceptible to
heavy metals exposure, affecting their growth, development, and
morphology [1]. However, some plants, bacteria and microalgae
species are able to survive in heavy metal polluted environments
by means of internal and/or external detoxification mechanisms
such as: (1) diminished uptake; (2) internal binding; (3) biotrans-
formation; (4) compartmentalization; and (5) external chelation
[2,3]. Nevertheless, during acute insult or long time exposure, these
mechanisms may not suffice to avoid or neutralize the toxic effects
of heavy metals.

Cr(Ill) and Cr(VI) discharges in wastewaters mainly originates
from metal and tanning/painting industries, respectively [1,4]. In

Abbreviations: AAS, atomic absorption spectrometry; BSA, bovine serum albu-
min; Cys, cysteine; DFC, diphenyl-carbazide; DTNB, 5,5'-dithiobis(2-nitrobenzoic
acid; yEC, y-glutamyl-cysteine; GSH, glutathione; NAD*-LDH, soluble lactate dehy-
drogenase; MDH, NAD*-malate dehydrogenase; ME, NADP*-malic enzyme; MS,
malate synthase; PCA, perchloric acid; Trp(SH3), reduced trypanothione.
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Mexico, the total chromium concentration reported in waste and
ground water bodies near to industrial, mining and tannery indus-
trial activities ranges from 1-5 M up to 1 mM [5,6], values that
are much higher than permissible. In consequence, at these ele-
vated chromium levels, high toxicity in algae [7] and zooplankton
[8] is observed.

Conventional methods for treatment of toxic chromium waste
require large amounts of chemicals and energy and are unsuitable
for small-scale leather, dye, and electroplating units [9]. Therefore,
biotransformation of Cr(VI) to the putative less-toxic Cr(IIl) by bio-
logical agents offers a viable alternative, in particular for developing
processes for Cr(VI) polluted water detoxification with bacterial
strains [10,11], which has been considered economical, safe and
sustainable [12].

The free-living flagellated protist Euglena gracilis belongs to a
select group of organisms with a proven capacity to resist and accu-
mulate heavy metals [3]. Indeed, E. gracilis is able to tolerate high
concentrations of cadmium, zinc, lead, mercury and chromium.
Cadmium is accumulated and compartmentalized into chloroplasts
and mitochondria [13-16]. The increased synthesis of heavy metal-
chelating molecules with thiol groups such as Cys, yEC, GSH and
phytochelatins, together with the metal compartmentalization into
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organelles, seem to be the main resistance mechanisms devel-
oped by Euglena to contend against cadmium, mercury, zinc and
chromium toxicity [14,16-18].

Remarkably, these two resistance mechanisms bring about
intracellular accumulation of heavy metals. Indeed, photosynthetic
E. gracilis is able to accumulate chromium when cells are incu-
bated with either Cr(VI) or Cr(III), although levels of thiol-molecules
only increase with Cr(VI) but not with Cr(IIl) [19], suggesting that
other mechanisms may also be involved in the resistance to, and
accumulation of chromium. For instance, the fraction of accumu-
lated chromium in photosynthetic Euglena only accounted for a
small percentage of the total Cr(VI) disappearance from the culture
medium, suggesting an efficient Cr(VI) reduction [19]. Moreover,
a mercury-pre-exposed E. gracilis strain cultured with cadmium,
exhibited an enhanced content of heavy-metal chelating molecules
with carboxylate group such as citrate and malate [20].

In a previous work, we determined that heterotrophic E. gra-
cilis, cultured at pH 7.0 with glutamate + malate + ethanol as carbon
source, did not consume malate if cells were cultured in presence
of 250 wM Cr(IIT) or >50 wM Cr(VI) [18]. Malate might function as
an external chelating agent as reported for plants [23]. Therefore,
to gain a better understanding of the mechanisms of resistance to
chromium in E. gracilis, in the present work cells were grown in
absence or presence of malate and the toxic effect of Cr(VI) and
Cr(IIT) on growth was determined. The results revealed the effective
onset of several resistance mechanisms to chromium in E. gracilis
including synthesis of heavy metal-chelating molecules with thiol-
and carboxylate-groups, sub-cellular compartmentalization, metal
chemical reduction and secretion of chelating molecules.

2. Materials and methods
2.1. Chemicals

Ascorbate oxidase, sodium borohydride (NaBH,), ascorbic acid,
trypan blue, and triton X-100 were from Sigma (St. Louis, MO, USA).
Dichromate ammonium used as standard for determination of
total chromium by AAS was from Fluka (Switzerland). NAD*-MDH
and NADP*-glutamate dehydrogenase were from MP biomedicals
(Ohio, USA).

2.2. Culture medium and growth conditions

Euglena gracilis was cultured axenically in 250 mL Erlenmeyer
flasks containing 100 mL of culture medium under complete dark-
ness with 34mM glutamate+15mM malate+177 mM ethanol
(GME medium), or without malate (GE medium) as carbon sources
at pH 7.0 [18]. The different concentrations of Cr(VI) and Cr(III)
used in this work depended on the solubility and toxicity of both
chromium species in GME or GE media. Because chromate solu-
bility and toxicity did not change on GME and GE media the same
concentrations were used in both conditions. As 100 wM Cr(III) in
GME medium inhibited growth by only 15% and the total chromium
accumulated intracellularly was near to the limit of detection (data
not shown), only 250 wM Cr(IlT) was used for further comparisons
(see section 3). In GE medium Cr(Ill) was less soluble and more
toxic, that was the reason why in this condition, concentrations as
low as 1 wuM were used, and 100 M was the highest concentration
which Cr(III) was soluble as judged by changes in the transmittance
at 540 nm.

Cultures with 5-250 uM Cr(VI) or 1-100 pM Cr(Ill) in the GE
medium were prepared from 100mM K,CrO4 or CrCl; stocks.
Cultures were started by adding 2-5mL of cellular inoculums
(0.6 x 106 cells/mL) from pre-activated culture, and grown in dark-
ness at 25°C under orbital shaking at 125 rpm. Cell counting and

viability were carried out by means of a Neubauer chamber and by
using 0.5% (w/v) vital dye trypan blue. Cells were harvested after
6-7 days of culture (stationary growth phase) and washed twice
by centrifugation with a buffer containing 250 mM Sucrose, 10 mM
Hepes and 1 mM EGTA (SHE buffer) at pH 7.2.

2.3. Analytical methods for chromium analysis

Cr(VI) content and total chromium accumulation were deter-
mined spectrophotometrically (UV-1800, Shimadzu) and by AAS
(AA-99 Varian), respectively as described in [18]. The Cr(VI) accu-
mulation was reported in terms of total chromium because an
active Cr(VI) reduction process is undertaken by cells and hence
chromium detected by AAS is in fact a mixture of Cr(VI) and Cr(III)
species. In cultures with Cr(IIl), the concentration of total chromium
determined by AAS in both the culture medium and cells was
assumed to be exclusively Cr(Ill), as re-oxidation to Cr(VI) is not
an efficient process under physiological conditions (and absence of
potent oxidant agents).

2.4. Isolation of sub-cellular fractions

Sub-cellular fractionation was carried out by following the pro-
tocols previously reported [18,21]. The mitochondrial, cytosolic and
plasma membrane fractions were re-suspended in a solution con-
taining 50 mM Hepes/10 mM MgCl, and used freshly for enzyme
assays.

2.5. Enzyme assays

The chromate reductase activity was determined by incubating
the cytosolic or plasma membrane fraction (0.5-2 mg protein) in
KME buffer (120 mM KCI, 20 mM Mops and 1 mM EGTA at pH 7.2)
plus 10 mM MgCl,, and 50 .M ascorbate under shaking (125 rpm)
at 25°C. The reaction was initiated by adding 100 .M Cr(VI) and
stopped by adding 0.5 mL DFC dissolved in sulfuric acid. To cor-
rect for the small spurious reduction of Cr(VI) by ascorbate, parallel
experiments without protein were carried out and values sub-
tracted from those obtained with protein. The concentration of
remaining Cr(VI) was determined. The kinetic parameters were
estimated in both fractions incubated for 0.5 min with 5, 10 and
25 pM Cr(VI) or for 10 min with 50, 100, 250, 500 and 1000 M
Cr(VI).

NAD*-LDH, NAD*-MDH, NADP*-ME and MS activities were
determined by measuring either the production of NAD(P)H or oxi-
dation of NADH at 340 nm, or the CoA released with DTNB (in the
MS reaction) at412 nmin a UV/Vis spectrophotometer as described
elsewhere [18,25].

2.6. Cell breakdown and metabolite determination

Control and chromium-exposed cells were harvested, washed
and re-suspended in 1 mL KME buffer. For ascorbate determination
50 x 106 cells were broken by mixing with 3% (v/v) PCA and stir-
ring for 1 min. After centrifugation at 4°C and 20,000 x g for 2 min,
the supernatant was adjusted at pH ~6 with 3M KOH/0.1 M Tris
and centrifuged again. The second supernatant (cellular extracts)
was incubated with an excess of NaBH, to ensure the complete
reduction of ascorbate and used immediately to determine total
ascorbate content by measuring the oxygen consumption with
commercial ascorbate oxidase. Oxygen consumed was estimated
by using a Clark-type electrode and an oxygen solubility of 420
nanoatoms gram oxygen per mL at 2240 m altitude and 25°C [21].

Malate (and glutamate) quantification was made under various
experimental settings. For malate secretion, culture media aliquots
taken at different days of growth were centrifuged to discard cells
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Fig. 1. Effect of Cr(VI) and Cr(Ill) on the growth of heterotrophic E. gracilis. Cells
were cultured in GME with Cr(VI) (W) or Cr(Ill) (®) or in GE medium with Cr(VI)
(O) or Cr(Ill) (O) at the indicated concentrations. Values are the mean+SD of >4
independent experiments. * P<0.05 vs control cells grown in GE media.

and supernatant was frozen until use. For secretion at shorter
times, control cells were incubated in a buffer containing 50 mM
Hepes/10 mM MgCl, at pH 7.0 in absence or presence of 100 M
of: Cr(VI), Cr(Ill), Cd2*, Hg2*, Zn%*, Fe3* or Pb2*; aliquots were with-
drawn at different times, centrifuged and the supernatant was
used for malate and glutamate quantification. The intracellular
malate content was determined using 50 x 106 cells subjected to
the procedure described above for cell rupture. Malate content
was determined enzymatically [18] with commercial NAD*-MDH;
this enzyme showed <5% activity of that attained with malate
with other four-carbon molecules such as (3-hydroxybutyrate,
asparagine or aspartate (data not shown).

For determination of thiol-molecules, 0.1% (w/v) Triton X-100
was added to ~1 x 107 cells and the mixture incubated with 0.5 mM
dithiotreitol and an excess of NaBH4. Then, PCA was added. Lysates
were centrifuged as above. An aliquot of filtered supernatant was
injected to the HPLC apparatus and the different thiol-molecules
were resolved as described in [13].

The protein content in mitochondria and cytosolic and mem-
brane fractions were determined using the Biuret method with BSA
as standard [24].

3. Results
3.1. Effect of malate on growth and susceptibility to chromium

E. gracilis cultured for 6days reached a density of
29+ 6.6 x 106 cells/mL in GME medium, however, in GE medium
a 4-fold decreased density was reached (7.2 +3.7 x 106 cells/mL;
n=13). The ICsy values for growth in GME medium were
17+ 0.9 uM Cr(VI) and >250 pM Cr(Ill), whereas in GE medium
were 13+24pM Cr(VI) and surprisingly 1.8+0.3 uM Cr(Ill)
(Fig. 1). In cultures with ethanol + malate but without glutamate,
the cell density was 4.2+0.6 x 106 cells/mL and, in presence
of 100 M Cr(VI) or Cr(Ill), cell densities were 1.6+0.08 and
4.75 +0.64 x 106 cells/mL, respectively (mean + SD, n=3). In GME-
and GE-control grown cells the viability was >95%, whereas with
Cr(IIT) or Cr(VI) the viability was >80%.

3.2. Effect of malate on external Cr(VI) stability and intracellular
chromium accumulation and compartmentalization

Cr(VI) added to the GME media disappeared completely after
6-7 days of cell culture with 5 and 10 wM Cr(VI); at 100 wM, >50%
of Cr(VI) remained in the medium [18]. The Cr(VI) disappearance
was higher in GE medium with 25 and 50 uM (Fig. 2A) in com-
parison with GME medium. The Cr(VI) disappearance correlated
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Fig. 2. Cr(VI) consumption and total chromium accumulation in E. gracilis. External
Cr(VI) (A) and intracellular total chromium accumulation (B) were determined in
GME with Cr(VI) (m) or Cr(Ill) (®) or GE medium with Cr(VI) () or Cr(Ill) (O) at the
indicated chromium concentrations. Values are the mean +SD of >4 independent
experiments. Student’s t-test for non-paired samples: **P<0.05 for accumulation in
GE-grown cells with Cr(III) vs. accumulation in GE-grown cells with Cr (VI).
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with a higher Cr(VI) uptake by cells cultured in GE medium. In GE
media with 100 wM Cr(III), the accumulated chromium was 70-fold
higher than in GME media with 250 M Cr(VI) (Fig. 2B), whilst with
100 wM Cr(VI), no accumulation of chromium was detected (data
not shown). No intracellular chromium was detected in cultures
with cells but no chromium added [18].

In mitochondria isolated from cells cultured in GE with 25 uM
Cr(VI), compartmentalization was 3 nmol total chromium/mg pro-
tein (n=2). In mitochondria, isolated from 5 days old GE-grown
cells and further exposed to 100 wM Cr(VI) (GE-CrVI-exposed cells)
or 100 wM Cr(III) (GE-Crlll-exposed cells) for 48 h, total chromium
content was 14.4+3.2 or 41 £ 16 nmol/mg protein (n=5), respec-
tively. These values were significantly higher than those found in
mitochondria from cells cultured in GME medium [18]. In mito-
chondria from GE-CrVI-exposed cells, 1.5 nmol Cr(VI)/mg protein
was also determined (n=2).

Growth was more sensitive to Cr(Ill) in GE than in GME media,
particularly in the 0-10 pM range (see Fig. 1). However, cell density
was always higher than 1.4 x 10° cells/mL under all Cr(Ill) concen-
trations tested, leading to an elevated percentage of Cr(IIl) removed
by accumulation, which was 12-25 fold higher versus Cr(VI) at
>50 wM (Table 1). Despite the higher intracellular accumulation
per cell of chromium in GE medium (Fig. 2B), the total chromium
accumulation by Cr(VI)-grown cells at 50 .M or higher concentra-
tions reflected poor chromium removal from the culture brought
about by cellular accumulation (<5%; Table 1), owing to the lower
cell density obtained under these conditions. However, Cr(VI) dis-
appeared from the culture medium at an extent which could not
be accounted for by intracellular accumulation, mainly in cell cul-
tures with 50 .M or higher concentrations (Fig. 2A). For instance, at
50 wM, Cr(VI) cellular removal was 20 fold higher than intracellular
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Table 1
Total chromium accumulation in heterotrophic E. gracilis.
Chromium (M) % of chromium accumulated
GME medium GE medium
Cr(VI) Cr(VI) removal/accumulation Cr(IIT) Cr(VI) Cr(VI) removal/accumulation Cr(1II)
1 ND ND ND ND ND 68 (2)
2 ND ND ND ND ND 24+6
5 100+34 1.0 ND 88+6 1.0 31+7
10 100+ 202 1.0 ND 57+11 1.7 22+8
25 25+5 3.04 ND 15+5 5.8 30+13
50 25+0.8 21.2 ND 3.5+04 20 43+19°
100 2.1+0.2 14.3 ND 26+0.3 10.4 64+20P
250 1+0.1 10 7.7+11 1.1+0.1 14 ND

Values are the mean 4 SD of 4 independent experiments, except where otherwise indicated in parenthesis. Removal values were taken from Fig. 2A.

ND: not determined.
2 Student’s t-test for non-paired samples; P<0.05 vs. GE.
b Student’s t-test for non-paired samples; P<0.01 vs. Cr(VI).

accumulation (Table 1). Because the culture medium at pH 7 does
not spontaneously reduce Cr(VI), and the removal/accumulation
ratios for Cr(VI) were >1 at 25uM or higher concentrations in
GME cultures and 10 wM or higher concentrations in GE cultures
(Table 1), a cell-dependent efficient extracellular reduction of Cr(VI)
was suggested.

3.3. Induction of chromate reductase activity and ascorbate
content

In control GE grown-cells a small rate of chromate reduction was
determined in both, the cytosolic and plasma membrane fractions.
No Cr(VI) reduction was observed in cultures without cells. Elec-
tron donors such as 0.25mM NADH or 5mM cysteine produced
significant non-enzymatic chromate reduction (data not shown).
Ascorbate was selected as electron donor because reduced Cr(VI)
only at <25 M Cr(VI). To assess whether Cr(VI) reduction was
due to an enzyme activity, the cytosolic fraction was incubated for
10minin either acid, at 80 °C, or with 1.8 M urea or proteinase inice
(Nagarse, 0.1 mg/mL); the inhibiton of Cr(VI) reduction activity by
any of these protocols was >80% (n = 2, not shown), suggesting that
this reaction was indeed due to an enzyme. In GE-CrVI-exposed
cells as well as in GE-Crlll-exposed cells, a significant increase in
ascorbate-dependent Cr(VI) reduction activity in both cytosolic and
membrane fractions was detected (Fig. 3A). On the other hand, total
content of ascorbate in control cells did not change in the absence
or presence of malate (24.3 +9nmol/107 cells; n=4). The growth
in presence of 50 WM Cr(VI) increased the ascorbate content by 3-
fold in both media, whereas 50 M Cr(IIl) decreased the ascorbate
content by 75% (Fig. 3B).

The kinetic parameters of chromate reductase were determined
in both cellular fractions. The GE-CrVI-exposed cells cytosolic frac-
tion showed 23-times higher Vmax than that from control cells (see
Fig. 3A); in addition, the activity was higher in the cytosolic fraction
than in the membrane fraction. A similar pattern was observed in
GE-Crlll-exposed cells. The Ky 5 values were also different among
the cytosolic fractions from control, Cr(VI) and Cr(Ill)-exposed cells
(Table 2), suggesting expression of different isoforms. As judged
by the NAD*-LDH activity, the percentage of contamination by
cytosol in the plasma membrane fractions from both, Cr(VI) and
Cr(IlT)-exposed cells was constant and low, suggesting that indeed
a particulate enzyme was induced by exposure to both, Cr(VI) or
Cr(III) (Fig. 3A).

3.4. Content of molecules with thiol group

The unexpected increased accumulation of Cr(Ill) in GE-grown
cells suggested that increased synthesis of heavy metal-chelating

molecules was triggered. Indeed, an increased content of molecules
with thiol groups was determined in cells grown in presence of
Cr(VI) or Cr(Ill) in both GME and GE media. Inside the cells, this
enhanced thiol-molecules pool was able to form complexes with
Cr(IIl) (see supplementary material and Fig. 2S).

Increase in Cys of 10-times was attained with 25 puM Cr(VI)
in GME medium and decreased below control values at 250 uM
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Fig. 3. Chromate reductase activity and ascorbate content. (A) Activity was deter-
mined in the cytosolic and plasma membrane fractions from GE-control-grown cells,
GME-CrVI-, GE-CrVI-, and GE-Crlll-exposed cells using 1 mM Cr(VI) as substrate.
Values are the mean 4 SD of >3 independent experiments. *P<0.05 for the cytoso-
lic activity in GE-CrVI exposed cells vs. the cytosolic activity in GE-grown control
cells. Student’s t-test for non-paired samples: **P<0.05 for the membrane-fraction
activity in GE-CrVI- or GE-CrllI- exposed cells vs the membrane-fraction activity in
GE-grown control cells. (B) The ascorbate content was determined in Cr(VI)-grown
cells in GME (®) or GE (O) media as well as in Cr(IlI)-grown cells in GE medium (QO).
Values are the mean of two independent experiments.
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Table 2

Kinetic constants of the chromate reductase from E. gracilis cultured in GE medium. Data are the mean =+ SD of 3 independent experiments.

Cytosolic fraction

Plasma membrane fraction

Control cells CrVI-exposed cells Crlll-exposed cells control CrVI-exposed cells Crlll-exposed cells”
Vmax (nmol/min x mg protein) 7 £0.1 162 + 352 162 6.5+0.1 79 + 48" 110
Kos (LM) 70+ 3 200 =+ 90 67+2 230 + 306 Not determined
Hill number 5+05 1.7 +£ 038 ND 13+13 Not determined

2 In this fraction, saturation was not reached up to 2 mM Cr(VI); hence, the value was fixed in order to obtain K5 value.

b parameters determined from one experiment.

" Student’s t-test for non-paired samples P<0.05 vs. the value obtained for control condition.

Table 3
Thiol-molecules content in E. gracilis cultured with Cr (VI).

GME medium (nmol/107 cells)

GE medium (nmol/107 cells)

Cr(VI) pM Cys GSH ++yEC Trp(SH), Cys GSH ++vEC Trp(SH),

0 125+ 2 3.8+0.5 0.84+0.1 17 £ 12 93 +28 0.5+ 0.14
5 34 + 3.42 4.6 1.6 21+£19 17 £ 15 0.50 £ 04
10 87 + 212 43+1.1 0.6+0.1 215+ 10 11 £45 2.4 +0.69¢
25 118 + 222 7.8+1.8 0.5+0.1 23+ 14 14+ 8 1.8 + 1.1¢
50 43 + 22 6.8+1.4 0.5+0.1 105+ 8 40 + 20° 32+28
100 17 £4 7.0+£0.6 0.6 13+ 10 8+6 28 £1.9¢
250 1.3+03 57+04 0.65+0.2 443 4+1 33+29

Values are the mean =+ SD of 6 different cultures.

2 Student’s t-test for non-paired samples; P<0.05 for Cys in control cells vs Cys in cells with Cr(VI) added in GME medium.
b Student’s t-test for non-paired samples; P<0.01 for GSH +yEC in control cells vs GSH++yEC in cells with Cr(VI) added in GME or GE medium.
¢ Student’s t-test for non-paired samples; P<0.05 forTrp(SH); in control cells vs Trp(SH), in cells with Cr(VI) added in GE medium.

Cr(VI); y-EC+GSH content varied less drastically and TrpSH, did
not change by exposure to Cr(VI). In GE medium with 50 wM Cr(VI),
v-EC+GSH and TrpSH; increased by 4 and 6 fold, respectively,
versus control (Table 3), suggesting that there was an stimulated
flux to y-EC+ GSH and TrpSH; synthesis from Cys. At higher Cr(VI)
concentrations, Cys and y-EC + GSH contents decreased below con-
trol values but TrpSH; remained higher than control. In contrast
to GME, in GE medium with Cr(Ill), increased contents of Cys
(10-100 M Cr-III) and TrpSH; (1-50 wM Cr-III) were determined
(Table 4).

3.5. Malate content and secretion, and malate-dependent
enzymes

To determine whether the content of heavy metal chelating
molecules with carboxylate group was also elevated, the intra-
cellular content of malate was examined. However, neither Cr(VI)
nor Cr(Ill) induced a significant change: values ranged from 140
to 170 nmol malate (107cells)~! in both, control and chromium-
exposed cells (data not shown).

Table 4
Thiol-molecules content in E. gracilis cultured with Cr (III).

To evaluate whether to contend with the heavy metal stress,
E. gracilis may have properties like those of C4 plants in which
malate is synthesized and exported, the extracellular malate was
determined.

Surprisingly, E. gracilis cells secreted large amounts of malate,
in cultures in GE medium with either Cr(IIlI) or Cr(VI). Cr(IIl) was
a more potent inducer of malate secretion than Cr(VI) (Fig. 4A).
This secretion reached up to 0.26+0.09 or 0.09+0.02 mmol
malate/100 mL in the presence of Cr(Ill) or Cr(VI), respectively
(Fig. 4A, inset). As the malate secretion was mainly produced in the
first 3 days of culture (Fig. 4B), the process was further evaluated
at shorter times in GE-control cells incubated with 100 uM Cr(VI)
or Cr(Ill) for 2 h. The malate secretion was similar between them,
but 3-fold higher (200 nmol h—1 107 cells—1) than in cells incubated
without chromium (70 nmol h—! 107 cells~!; Fig. 4B, inset). Addi-
tion of Fe, Zn, Cd or Hg also stimulated the malate secretion by
4.3-5.4 times, respect to control. Under all these conditions, cells
did not secrete glutamate (data not shown).

In turn, three different enzyme activities that may be produc-
ing malate were determined. NAD*-MDH and NADP*-ME activities

GME medium (nmol/107 cells)

GE medium (nmol/107 cells)

Cr(Ill) pM Cys GSH ++vyEC Trp(SH), Cys GSH +yEC Trp(SH),

0 12545 3.8+1.1 0.84+0.3 19+7 42418 0.34+0.15
1 ND ND ND 31420 5+2 15405
2 ND ND ND 31+4 13+10 1.9+085"
5 ND ND ND 24+7 18+8" 1.2+0.7"
10 ND ND ND 36+£10 12+6" 20+19

25 ND ND ND 41417 13+8 3.1+28
50 ND ND ND 67 +23" 14+11 2+13"
100 ND ND ND 68422 13467 0.5+0.3
250 17 +42 5.7+2.6 1.2 ND ND ND

Values are the mean + SD of 6 different cultures.
ND; not determined.
2 Data taken from [18].

" Student’s t-test for non-paired samples; P<0.05 for Cys in control cells vs Cys in cells with Cr(Ill) added in GE medium.
™ Student’s t-test for non-paired samples; P<0.01 for GSH++yEC in control cells vs GSH +yEC in cells with Cr(Ill) added in GE or GE medium.

ok

Student’s t-test for non-paired samples; P<0.01 for Trp(SH),in control cells vs Trp(SH); in cells with Cr(Ill) added in GE medium.
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Fig. 4. Malate secretion by E. gracilis exposed to chromium. (A) Malate content in
the GE medium with the indicated Cr(VI) or Cr(Ill) concentrations was determined.
Inset: values of malate secreted were re-plotted as wmol malate/100 mL culture;
inset x-axis is identical to that shown in (A). (B) Malate content was determined at
different days of culture in the absence (a) or in the presence of 100 wM Cr(VI) (O) or
Cr(IIT) (O). Values are the mean + SD of >3 independent experiments. Inset: malate
secretion determined at shorter incubation times in control cells without (a) or with
100 wM Cr(VI) or Cr(III); inset y-axis is identical to that shown in (B). Values are the
mean of two independent experiments. Student’s t-test for non-paired samples:
2bp<0.05 vs. cultures without chromium.

were mainly detected in the mitochondrial and cytosolic fractions;
lower activities determined in the particulate fraction were due to
cross contamination as judged by LDH activity. It has been docu-
mented that the glyoxylate-cycle MS is present in the particulate
sub-cellular and mainly in mitochondrial fractions [25,26]. In con-
trast, MS activity in control and chromium-treated cells was mainly
localized in the plasma membrane fraction. The MDH, ME and MS
activities increased significantly in GE-CrVI-exposed cells and more
importantly in the GE-Crlll-exposed cells (Fig. 5).

4. Discussion

Malate is the preferred substrate for E. gracilis growth at pH
3.5 [21,22] whereas at pH 7, ethanol and glutamate are preferred
over malate [18]. However, the absence of malate in the culture
medium at pH 7 decreased cell growth by 75%, indicating that
malate is necessary for cell duplication (see Fig. 1). The presence
of Cr(VI) diminished malate utilization and at the highest Cr(VI)
concentrations assayed, malate content seemed to raise in the cul-
ture medium [18], suggesting that malate might be involved in
extracellular chromium binding.

4.1. Chromium uptake and accumulation

In E. gracilis cultured in GE medium with 100 uM Cr(VI) or
Cr(1ll), accumulation values of 40 and 400 nmol/107 cells equiva-
lent to 10.8 and 108 nmol/mg DW were achieved (cf. Fig. 2A). As
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Fig.5. Specific activities of malate-dependent enzymes in chromium-exposed cells.
NADP*-ME, NAD*-MDH, MS and NAD*-LDH activities were evaluated in the plasma
membrane, cytosolic and mitochondrial fractions from GE-control-grown cells
(control), GE-CrVI- (GECrVI) and GE-Crlll-exposed cells (GECrIII). Values are the
mean + SD of >3 independent experiments. Student’s t-test for non-paired samples:
abcp<(,05 vs. control condition.

in E. gracilis 107 cells are equal to 3.7 mg dry weight [30], the max-
imum accumulation in cells grown in GE medium with 250 uM
Cr(VI) for 6days was 12nmol Cr (mg DW)~!, which is certainly
comparable with the 57 nmol Cr (mg DW)~! reported in leaves
from the proposed chromium bio-remediator Salsola kali exposed
to 384 M Cr(VI) for 15days [29]. Similarly, in celery 15-days
old seedlings roots and kiwifruit pollen, the Cr(Ill) accumulation
[27] and uptake rate [28] are higher than with Cr(VI), whereas
in 15 days-old tumbleweed (S. kali) roots incubated with 385 uM
Cr(VI), metal accumulation is 10-20 fold higher than that with
Cr(IIT); however, Cr(Ill) exhibits higher toxicity [29].

Previous, indirect evidence has shown that the respiratory chain
is deeply affected in Cr(VI)-grown cells, suggesting that Cr(VI) is
entering into mitochondria [18]. Moreover, the sulfate assimila-
tion pathway in E. gracilis is partially located in mitochondria [31],
implying that sulfate (and chromate) transport is active [ 19]. Direct
evidence provided in the present study showed that mitochondria
isolated from cells exposed for 48 h to high concentrations of Cr(VI)
or Cr(Ill) were indeed able to accumulate Cr(IIl) and Cr(VI).

4.2. Reduction of Cr (VI) to Cr(IIl)

E. gracilis grown in GE medium was able to reduce 14% of the
original 250 .M Cr(VI) present in the medium to Cr(III) (¢f. Fig. 2A),
e.g., 440 nmol Cr(VI) reduced/mg dry weight or 35 nmol/mL of cul-
ture after 6 days incubation, indicating that in E. gracilis the rate of
Cr(VI) reduction to Cr(Ill) was several-fold faster than the Cr(VI)
uptake rate. The green algae Chlorella sp. obtained from ponds
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receiving tannery effluents, is able to reduce 97% of Cr(VI) after
7 days when cultured with 192 M Cr(VI) [32], suggesting that
bio-reduction and accumulation are common responses against
chromium stress in autotrophic-plankton species.

Reduction of Cr(VI) to Cr(IIl) is an essential step in the detoxifi-
cation of Cr(VI)-polluted environments [1]. Bacterial species show
resistance to chromium due to their capacity for reducing Cr(VI)
by soluble or membrane-bound NAD(P)H-dependent proteins in
Pseudomonas putida [33] and Enterobacter cloacae [34], respec-
tively. Pseudomonas spp. shows aerobic Cr(VI) reduction mediated
by cytosolic soluble enzyme and anaerobic reduction by membrane
protein [35]. Cr(VI) reduction in whole cells was found in Chlorella
sp. isolated from disposal sites of the paper-pulp and electroplating
industries; this activity was stimulated by light, malate and acetate
and inhibited by cyanide [36]. In the present work, cell exposure
to Cr(VI) or Cr(Ill) under aerobiosis induced a >10 fold activity
increase in both cytosolic and membrane fractions, suggesting that
expression of chromate reductase did not depend on anaerobio-
sis as in bacteria. The bacterial chromate reductase may exhibit
other enzyme activities [37,38]. Likewise, the increased chromate
reductase activity in GECrlll-exposed cells might not be specific for
Cr(VI).

Preliminary data indicated that cytosolic fraction from cells
exposed to 100 uM H,0, for 48 h, increased the chromate reduc-
tase activity up to 2600 nmol Cr(VI) reduced (min x mg protein)~!,
suggesting that the enzyme involved in the Cr(VI) reduction in E.
gracilis is an ascorbate peroxidase. It seemed that the oxidative
stress generated by Cr(VI) increased the content of anti-oxidant
metabolites such as ascorbate as part of the cellular response

against heavy metal stress; Cr(VI) reduction involves the gener-
ation of reactive oxygen species and hence oxidative stress. In turn,
the decreased ascorbate content induced by Cr(Ill) was probably
one of the reasons why Cr(III) was so much toxic for cells grown in
GE medium.

The kinetic analysis of the chromate reductase activity revealed
that Ky 5 values for chromate changed among the different cellu-
lar preparations, whereas Vm values markedly increased (Table 2),
suggesting enzyme over-expression induced by chromium stress
of more than one enzyme.

4.3. Malate secretion as a novel heavy metal-resistance
mechanism

It is well documented the capacity of plants to exude organic
acids as a response to environmental stress such as nutrient defi-
ciency, anoxia and mainly exposure to toxic metal ions [39]. It has
been proposed that the transport of malate outside the cell is the
rate-limiting step in plants for the aluminum tolerance in barley
(Hordeum vulgare) and hence malate transporter over expression
increases metal resistance [40]. In the present study, it is shown for
the first time that a heterotrophic protist is able to secrete malate
in response not only to Cr(III) but also to Cr(VI) stress (see Fig. 4).
The fast Cr(VI) reduction to Cr(lIll) in the cytosol (Fig. 3A) and the
most potent Cr(III) effect suggested that Cr(IIl) was the most prob-
able signal for the induction of malate secretion (Fig. 6). In turn, the
fast consumption of malate by E. gracilis in cultures at pH 3.5 (e.g.,
inward transport) and the fast malate secretion (e.g., outward trans-
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port; Fig. 4A) indicated the presence of efficient malate transport
in these cellular processes (Fig. 4B, inset).

The AG° values for the reactions catalyzed by MS (-
11.3 kcal/mol; calculated from [41]), NAD*-MDH (+ 6.7 kcal/mol,;
calculated from [42]) and ME (—7.1 kcal/mol; [43]) allow for visu-
alizing that MS and MDH are physiologically producing malate,
whereas ME is decarboxylating malate to produce the NADPH nec-
essary to contend against oxidative stress induced by chromium
(see Fig. 6). Indeed, the ME physiological role usually involves
malate decarboxylation for NADPH production, as demonstrated
in P. fluorescens exposed to Al3* [44]. However, in Corynebac-
terium glutamicum, when lactate metabolism is present and high
pyruvate concentration is reached, the ME reverses reaction is ther-
modynamically favored [45]. Similarly, in E. gracilis the pyruvate
concentration may be relatively high at 1 mM [21]. Thus, ME might
be able to join with NAD*-MDH and MS for active malate produc-
tion for secretion. Moreover, the activities of these enzymes were
higher in chromium-exposed cells (Fig. 5).

Cr(III) may readily form organo-Cr(Ill) complexes with organic
acids, amino acids, proteins and synthetic nutrient media [46].
Therefore, similar to the complexes formed with AI3* [47], malate
may also form stable complexes with Cr(III). On this regard, the dis-
sociation constants of heavy metal-malate complexes are relatively
low, indicating low affinity; for instance, the dissociation constant
of the malate-zinc complex is 2-6 orders of magnitude (pK=2.8)
lower than those for Cys-Zn, GSH-Zn or Zn-glutamate complexes
(pK=9.86, 8.3 and 5.45, respectively) [48]. This is most likely the
reason why amounts of malate up to 2.5mM have to be released
to the medium in an attempt to efficiently neutralize Cr(III), before
they gain access to the intracellular targets. However, malate secre-
tion reached saturation at approximately 50 M external Cr(III) or
Cr(VI) (see Fig. 4A), suggesting this resistance mechanism was able
to contend against chromium stress only at external (environmen-
tal) concentrations below this value.

4.4. Heavy metal chelating thiol-molecules

Marked increase in Cys, y-EC+GSH and TrpSH, contents was
attained when cells were cultured with chromium in GE medium
(Table 4), correlating with an enhanced metal accumulation
(Fig. 2B). This variation in thiol-molecules is a common response
against heavy metals stress in E. gracilis [14-16,20,49,50], and indi-
cates that metal ion accumulation is mediated by binding with
thiol-molecules [3] (see also Fig. S1). In contrast to cadmium,
zinc and mercury, chromium did not increase the content on phy-
tochelatins [52].

5. Concluding remarks

Fig. 6 shows the new insights found in heterotrophic E. gracilis
when contending against chromium stress: (i) depending on the
culture medium composition (mainly absence of organic acids),
Cr(III) can be actively taken up, retained, accumulated and mito-
chondrially compartmentalized, and as a consequence, exert more
potent toxic effects than Cr(VI); (ii) there is enhanced expres-
sion of ascorbate-dependent chromate reductase activities in the
cytosol and plasma membrane; (iii) active malate secretion to
bind Cr(IIl) extra-cellularly develops; and (iv) increased synthe-
sis of thiol-molecules to bind Cr(III) intra-cellularly, and ascorbate,
is also simultaneously triggered. Therefore, the findings of the
present study establish new paradigms regarding chromium stress
on algae-like microorganisms:

(i) Cr(IlT) can be more toxic than Cr(VI), depending on the cul-
ture (or environmental) conditions. Higher toxicity of Cr(Ill) than
Cr(VI) was also recently reported in two freshwater algae [51].

However, the present study clearly establishes the reasons and con-
ditions for this higher Cr(III) toxicity. (ii) Simultaneous and diverse
molecular and cellular mechanisms (i.e., intracellular binding by
thiol-molecules, extracellular binding by organic acids, intra- and
extracellular Cr(VI) reduction, sub-cellular compartmentalization)
are turned on to inactivate chromium species and their toxic effects.
Moreover, the present results unveil efficient mechanisms in E.
gracilis to contend against chromium, which once optimized, may
facilitate the development of strategies for using this protist as
potential bio-remediator of chromium-polluted water systems.
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