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Abstract The present work describes the optimiza-
tion of a short-term assay, based on the inhibition of
the esterase activity of the alga Pseudokirchneriella
subcapitata, in a microplate format. The optimization
of the staining procedure showed that the incubation
of the algal cells with 20 umolL™" fluorescein diac-
etate (FDA) for 40 min allowed discrimination be-
tween metabolic active and inactive cells. The short-
term assay was tested using Cu as toxicant. For this
purpose, algal cells, in the exponential or stationary
phase of growth, were exposed to the heavy metal in
growing conditions. After 3 or 6 h, cells were subse-
quently stained with FDA, using the optimized proce-
dure. For Cu, the 3- and 6-h ECsq values, based on the
inhibition of the esterase activity of algal cells in the
exponential phase of growth, were 209 and 130 pg
L', respectively. P. subcapitata cells, in the stationary
phase of growth, displayed higher effective concentra-
tion values than those observed in the exponential
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phase. The 3- and 6-h ECsy values for Cu, for cells
in the stationary phase, were 443 and 268 ugL ',
respectively. This short-term microplate assay showed
to be a rapid endpoint for testing toxicity using the
alga P. subcapitata. The small volume required, the
simplicity of the assay (no washing steps), and the
automatic reading of the fluorescence make the assay
particularly well suited for the evaluation of the toxic-
ity of a high number of environmental samples.

Keywords Bioassay - Fluorescein diacetate
(FDA) - Growth phase - Microplate assay - Metabolic
activity - Selenastrum capricornutum

1 Introduction

The worldwide industrialization that occurred in the
last century has increased the ecological problems and
triggered the need of developing acute and chronic
laboratory toxicity tests for assessing the impact
caused by many thousands of chemicals released in
the environment. The present chronic (with microor-
ganisms) and acute (using invertebrates or fishes)
benchmark tests proposed by international regulatory
agencies, such as the Organisation for Economic Co-
operation and Development (OECD) and the United
States Environmental Protection Agency (US EPA),
give slow responses (within days) (OECD 1984, 1992;
US EPA 2002a, b). The long time (days) required for
these chronic and acute toxicity tests can alter the
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original toxicity of the sample in test due to (1) the
release of metabolites by the microorganism (under
the toxic effect), which can complex the metals under
evaluation (Soares et al. 2002, 2003), (2) the biochem-
ical and photochemical degradation occurrence during
the time of testing, and (3) the loss of contaminants
due to the adsorption to test containers (Franklin et al.
2005). Therefore, the development of new tools for a
fast (within hours) assessment of the hazard and eco-
logical risk caused by the release of contaminants in
aquatic systems becomes important.

Esterases have been recognized as a potential useful
biomarker and alternative endpoint for the detection of
early responses in a variety of microorganisms (Dor-
sey et al. 1989; Blaise et al. 2000; Bitton 2005; Peper-
zak and Brussaard 2011) to different toxicants.
Esterases were used to evaluate the toxicity of heavy
metals, such as Cd, Cu, Hg, Pb, and Zn (Arsenault et
al. 1993; Snell et al. 1996; Franklin et al. 2001),
organic compounds such as phenol and naphthol
(Snell et al. 1996), brominated flame retardant
(Debenest et al. 2011), pesticides and insecticides
(Gilbert et al. 1992; Snell et al. 1996), and in natural
samples like surface seawater (Gilbert et al. 1992),
freshwater sediments (Blaise and Menard 1998), inter-
stitial water (Cote et al. 1998), and acid mine drainage
(Regel et al. 2002).

Esterase activity has been measured using the non-
fluorescent fluorescein diacetate (FDA) substrate,
which is hydrolyzed by the action of intracellular
nonspecific esterases, such as lipase and acylase (Joc-
hem 2000). As the toxic effect increases, the enzyme
activity is reduced in a dose-dependent manner. There-
fore, 1 h (Franklin et al. 2001; Regel et al. 2002), 3 h
(Franklin et al. 2005), 4 h (Blaise et al. 2000), 24 h
(Blaise and Menard 1998; Regel et al. 2002; Franklin
et al. 2005; Prado et al. 2009; Debenest et al. 2011),
27 h (Arsenault et al. 1993), or 28 h assay (Gala and
Giesy 1994), based on the evaluation of the toxic
effect on the esterase activity of algal cells, measured
by flow cytometry, was reported.

Microplate readers are much cheaper equipment
than flow cytometers. Additionally, the automation
confers the possibility of the test to be used for the
screening of large numbers of samples. Gilbert et al.
(1992) evaluated the loss of intracellular esterase ac-
tivity, using a microplate fluorometer, in marine
microalgae exposed to heavy metals and organic com-
pounds (weed killers and insecticides). As far as we
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know, only one work was dedicated to rapid toxicity
assessment by evaluating the esterase activity in P. sub-
capitata using a microplate fluorometer. In this work,
the concentration of the toxicant that inhibited a given
percentage of esterase activity (effect concentration
[EC] value) was not determined; the toxicity was eval-
uated based on the determination of the no observed
effect concentration (NOEC) and the lowest observed
effect concentration (LOEC) (Snell et al. 1996).

The evaluation of the toxicity of pollutants is, usu-
ally, carried out with cells in the exponential phase of
growth. However, the effect of algal cells growth
phase on EC values has not been evaluated.

In the present work, a microplate assay based on the
inhibition of the esterase activity in whole cells of the
alga P. subcapitata was optimized. The applicability
of the short-term assay (3 or 6 h) was tested using Cu
as toxicant. The EC values were determined. The
influence of the alga growth phase on the susceptibil-
ity to toxicants was also investigated and discussed.

2 Material and Methods
2.1 Strain, Media, and Culture Conditions

In this work, the freshwater green alga Pseudokirch-
neriella subcapitata (strain 278/4) was used. The orig-
inal strain was obtained from the Culture Collection of
Algae and Protozoa, Oban, UK.

The alga was maintained in OECD algal test medi-
um (OECD 1984) with 20 gL' agar (Merck) in the
dark at 4 °C. Medium stock solutions were prepared,
sterilized (by autoclaving or by membrane filtration,
pore size of 0.45 pum), and stored (in the dark at 4 °C)
according to the OECD guidelines (OECD 1984).
Algal cells were also stored in the dark at 4 °C as
stock cultures. Algal stock cultures were obtained
from cultures in the exponential phase of growth
(2 days) which were centrifuged (2,500%g, 5 min),
washed, and resuspended in fresh medium.

The starter cultures were prepared weekly by inoc-
ulating a loop of algal cells (from agar slant) in 20 ml
OECD medium in 100 ml Erlenmeyer flasks. The cells
were incubated for 2 days, at 25 °C, on an orbital
shaker at 100 rpm, under continuous “cool white”
fluorescent light (fluorescent lamps with a color tem-
perature of 4,300 K), with an intensity of 4,000 Ix at
the surface of the flask, verified using an illumination
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meter (HI 97500, Hanna Instruments). The precultures
were prepared by inoculating 40 ml OECD medium in
100 ml Erlenmeyer flasks with an initial cell concentra-
tion of ~5x10*cells ml™' from the starter cultures. The
cells were incubated for 2 days under the conditions
described previously for the starter cultures. The cul-
tures were prepared by inoculating 100 or 400 ml of
OECD medium in 250 ml or 1 L Erlenmeyer flasks,
respectively, with an initial cell concentration of ~5 x
10%cells ml™" from the preculture. Cells were incubated
under the conditions described previously for the starter
cultures. The purity of the cultures was verified by
microscopic examination of a subsample; additionally,
1.0 ml of the algal culture was removed, plated on
nutrient agar, and incubated at 25 °C for 7 days.

2.2 Evaluation of Cell Concentration

The algal cell concentration was measured in an auto-
mated cell counter (TC10, Bio-Rad). Additionally, the
algal concentration was evaluated, indirectly, by mea-
suring spectrophotometrically the absorbance at 750 nm
(US EPA 2002b); in the latter, a calibration curve (num-
ber of cells versus absorbance) was first constructed.

2.3 Optimization of Cell Staining with FDA

Algal cells in the exponential phase of growth (2 days)
were harvested by centrifugation (2,500%g, 5 min) and
suspended in fresh culture medium. Cell suspensions
were combined with the same volume of FDA (Sigma-
Aldrich) in a 96-well flat microplate (Orange Scientific)
in a total volume of 200 pl per well. The concentration
range of cells tested was 0.5-10x10°cells ml™" (final
concentration). The concentration range of FDA used
was 5-40 umolL ™' (final concentration). The stock
solution of FDA (1.2 mmolL™") was prepared in di-
methyl sulfoxide (DMSO) and stored at —20 °C; the
working solutions (10-80 umolL ") were prepared be-
fore use by diluting the stock solution in culture media.
In the assay, the final concentration of DMSO was
<3.3 % (v/v). Cells were incubated with FDA in the dark
at 25 °C up to 60 min.

As negative control, algal cells were metabolically
inactivated by thermal treatment. Therefore, algal cells
in OECD culture medium were placed in a glass tube and
heat-treated (65 °C for 1 h) in a water bath. Then, cells
were cooled to room temperature and stained in the same
conditions of live cells.

Fluorescence intensity (in relative fluorescent units)
was measured in a PerkinElmer (Victor3) microplate
reader at a fluorescence excitation wavelength of 485/
14 nm and an emission wavelength of 535/25 nm.
Fluorescence was corrected by subtracting cell, culture
medium, and dye autofluorescence and was normal-
ized, when appropriate, considering cell concentration.

2.4 Evaluation of Copper Toxicity

Algal cells were exposed to copper in a similar way to
the algal microplate growth toxicity test described by
Blaise and Vasseur (2005). Briefly, algal cells were
harvested by centrifugation (2,500%g, 5 min) and sus-
pended at 5.5x10°cells ml™" in concentrated culture
medium. Ten concentrations of copper (in a range of
5.6 to 1,000 pgL™") were prepared by geometrical
dilution of the toxicant in deionized water. The assays
were carried out in sterile 96-well microplates. The
test solutions were dispensed in the microplate in a
predetermined pattern as described by Blaise and Vas-
seur (2005). Each well received 200 pl of the appro-
priate dilution of the metal (five replicates) or
deionized water as a positive control (ten replicates)
and 20 pl of a cell suspension in culture medium 11
times concentrated (final cell concentration, 5%10°
cells mI™"). The microplates were covered, sealed with
Parafilm, and incubated at 25 °C under continuous
“cool white” fluorescent light (as described above).

After 3 or 6 h of contact with metal, 10 pul of a
solution prepared by the mixture of equal volumes of
FDA (920 umolL™" in acetone) and 3-(N-morpholi-
no)propanesulfonic acid (MOPS) buffer (Sigma-
Aldrich) (460 mmolL™", pH 7.0, in OECD medium)
was added to each well; final concentrations in the
assay were 20 pmolL™' FDA and 10 mmolL ™'
MOPS. The final concentration of acetone was 2.1 %
(v/v). The microplates were incubated in the dark at
25 °C. After 40 min of incubation, fluorescence inten-
sity was measured, as described previously. Fluores-
cence was corrected by subtracting cell, culture
medium, dye, and metal autofluorescence.

The percentage of fluorescence inhibition (%FI)
was calculated using the following equation:

%FI = 100 — [(F,/Fumax) x 100]

where F, is the fluorescence of algal cells in the assay
(metal-treated cells) and F,,y is the mean fluorescence
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of the samples where all the cells are metabolically
active (live cells—positive control).

2.5 Fluorescence Microscopy

Cells were also examined by epifluorescence micros-
copy. Algal cells (1x10°cells mI™") were mixed with
20 umol L™ FDA (final concentration) and incubated
in the dark for 40 min at 25 °C. Then, algal cells were
observed using a Leica DLMB epifluorescence micro-
scope, equipped with HBO-100 mercury lamp and
filter set GFP or I3 from Leica. Filter set GFP: excita-
tion filter (band-pass filter [BP]), BP 470/40; dichro-
matic mirror, 500; and suppression filter, BP 525/50.
Filter set I3: excitation filter, BP 450-490; dichromatic
mirror, 510; and suppression filter (long-pass filter
[LP]), LP 515. Images were acquired with a Leica
DC 300F camera and processed using Leica IM 50-
Image manager software.

2.6 Reproducibility of the Results and Statistical
Analysis

All experiments were repeated four times. Fluores-
cence data were expressed as the mean+standard de-
viation (SD) of quintuplicate measurements; SD
values were presented with 95 % confidence limits.

Copper toxicity was expressed as ECy and ECsq
values, which represent the concentration of the toxi-
cant that caused the inhibition of 10 and 50 % of
fluorescein fluorescence (esterase activity), respective-
ly, compared to the positive control (cells not exposed
to the toxicant). EC values were calculated consider-
ing that the concentration—response relationship can
be described by the probit function; EC values were
obtained using weighted linear regression analysis on
probit-transformed data (TOXCALC version 5.0.32,
Tidepool Scientific Software).

3 Results

3.1 Staining with FDA: Cell Loading
and Fluorescence Development

FDA is hydrophobic, colorless, and nonfluorescent. It
diffuse freely into undamaged cells, being hydrolyzed
into a more polar fluorescent product (fluorescein) and
two acetate molecules; fluorescein has a maximum

@ Springer

fluorescence at 525 nm (Haugland 2005). As a conse-
quence, “healthy” cells displayed green fluorescence
(Fig. la), while heat-treated metabolically inactive
cells (dead cells) remained unstained (Fig. 1d). When
observed with an LP suppression filter set (13), it was
possible to observe, simultaneously, the green fluores-
cence (due to the esterase activity) and the red auto-
fluorescence (due to the chlorophyll a) in live cells
(Fig. 1b); on the contrary, both types of fluorescence
were absent in heat-treated (dead) cells (Fig. le).

The decrease of fluorescence can be used as an
indicator of the loss of enzymatic activity. It was our
objective to evaluate the esterase activity of P. sub-
capitata algal cells using a 96-well microplate reader.
Thus, in order to optimize the staining conditions,
different FDA concentrations (5, 10, 20, and
40 pmolL ") and staining times (5, 10, 20, 30, 40,
50, and 60 min) were considered.

The fluorescence of metabolically active cells in-
creased with the initial FDA concentration up to
20 pmolL ™" (Fig. 2). The maximum fluorescent signal
was obtained for 20 umolL ™' FDA. The exposition of
algal cells to 40 pmolL ™' FDA did not originate a
higher fluorescence (Fig. 2).

For an FDA concentration of 20 umolL™", P. sub-
capitata algal cells hydrolyzed FDA in a linear fashion
up to 60 min (Fig. 2, inset). Similar results were
obtained with other FDA concentrations tested (data
not shown). An incubation time of 40 min was chosen
since a strong fluorescent signal was observed (Fig. 2).

The green fluorescence due to FDA hydrolyses
increased linearly with the live cell concentration
(Fig. 3). With the aim to obtain a good discrimination
between metabolically active and inactive cells with a
lower cell density, a total cell concentration of 5x10°
cells ml™" was selected for subsequent assays (evalu-
ation of the susceptibility of P. subcapitata algal cells
to Cu). Then, the following staining conditions were
selected: 20 umolL ™' FDA for 40 min with 5x10°
cells ml ™"

3.2 Growth Phase and Cell Susceptibility to Toxicant

Under the growth conditions used (25 °C and contin-
uous light), P. subcapitata algal cells proliferated in
OECD medium with a specific growth rate () of
0.063 h™', which corresponded to a doubling
(generation) time of 11 h. Using an initial cell density
of 5x10%*cells mlI™" and after 2, 3, and 4 days of
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Fig. 1 Visualisation of esterase activity on the alga P. subcapi-
tata. Cells were incubated with 20 pmolL ™" FDA for 40 min at
25 °C. Metabolically active (live) cells displayed bright green
fluorescence (a), which was absent in heat-treated (dead) cells
(d). Fluorescent micrographs of the cells observed with filter set
GFP (a, d); phase contrast micrographs of the same cells (¢, f).

growth, cells were in the exponential phase, at the end
of the exponential phase, or in the stationary phase of
growth, respectively (Fig. 4). In order to test the influ-
ence of the growth phase on the susceptibility of P.
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Fig. 2 Fluorescence exhibited by P. subcapitata algal cells
when incubated with increasing concentrations of FDA. Live
algal cells in a final concentration of 1x10%cells ml™' were
incubated with different FDA concentrations for 40 min at
25 °C. Inset time course of fluorescence exhibited by live algal
cells (1x10%cells ml ") incubated with 20 pmolL " FDA at 25 °
C. This is a typical example of an experiment performed four
times. Each point represents the mean of five fluorescence read-
ings; SDs are presented with 95 % confidence limits

Fluorescence images (b, €) were obtained with an LP suppres-
sion filter set (I3), which allowed the simultaneous observation
of the green fluorescence (due to the esterase activity) and the
red autofluorescence (due to the chlorophyll ) in live cells (b);
both types of fluorescence were absent in heat-treated (dead)
cells (e)

subcapitata cells to Cu, 2 and 4 days as growth time
were selected, which corresponded to exponential and
stationary phases of growth, respectively.

Cells of P. subcapitata, in the exponential or sta-
tionary phase of growth, were exposed to Cu (in a
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Fig. 3 Esterase activity (fluorescence response) of live cells of
P. subcapitata. Cells were incubated with 20 umolL ™' FDA for
40 min at 25 °C. This is a typical example of an experiment
performed four times. Each point represents the mean of five
fluorescence readings; SDs are presented with 95 % confidence
limits
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Fig. 4 Growth of the alga P. subcapitata. Cells were inoculated
at 5x10%cells ml™" in OECD medium and incubated at 25 °C on
an orbital shaker at 100 rpm under continuous “cool white”
fluorescent light. This experiment was performed in duplicate.
Each point represents the mean of four determinations. No error
bars are shown because they are within the points

concentration range from 5.6 to 1,000 ugL™") for
3 or 6 h at 25 °C under continuous light. After
exposure to the metal, cells were incubated with
FDA (under the optimal staining conditions de-
fined previously) in order to assess the sensitivity
of algal cells esterase activity as a short-term bio-
assay endpoint. The inhibition of esterase activity
was evaluated by the %FI, which was calculated
as the ratio between the fluorescence in the assay
(for a given metal concentration) and the mean
fluorescence of the population where all cells are
metabolically active (live cells—positive control).
Subsequently, dose-response curves were obtained
by plotting the %FI against the range of concen-
trations of the toxicants (Fig. 5). In algal cells in
the exponential or stationary phase of growth,
EC,y and ECs, values were determined (Table 1).

Esterase activity decreased as the metal concentra-
tion increased. Maximum esterase inhibition (84 %)
was observed for cells in the exponential phase of
growth after exposure to 1,000 pgL ™' Cu*" for 6 h
(Fig. 5b).

The increase of the contact time from 3 to 6 h led to
a decrease of the amount of Cu necessary to provoke
the same inhibitory effect (Fig. 5; Table 1). In other
words, the EC values for 3 h are 1.4-3.4 times higher
than the corresponding values for 6 h (Table 1).

Cells in the exponential phase of growth were more
sensitive to copper than cells in the stationary phase
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(Fig. 5). In the exponential phase of growth, EC values
for P. subcapitata algal cells were two times more
sensitive to the action of copper (except for the 6-
h EC( values, which were similar) than the same cells
in the stationary phase (Table 1).

4 Discussion

FDA has been used as a technique for determining the
viability of algal cells by flow cytometry (Gala and
Giesy 1994; Caux et al. 1996; Faber et al. 1997,
Franklin et al. 2001; Lage et al. 2001; Peperzak and
Brussaard 2011) or by fluorescence microscopy
(Labra et al. 2007; Nancharaiah et al. 2007). Another
approach for the use of FDA consists in the measure-
ment of esterase activity. The intensity of green fluo-
rescence exhibited by live cells depends primarily on
the esterase activity of the cell. Using flow cytometry,
the reduction of esterase activity on the algal cells,
after exposure to different toxicants, was evaluated
(Arsenault et al. 1993; Blaise and Menard 1998; Cote
et al. 1998; Blaise et al. 2000; Franklin et al. 2001;
Regel et al. 2002; Liu et al. 2008; Debenest et al.
2011). In the present work, a low-cost bioassay, per-
formed in a 96-well microplate format, based on the
inhibition of the esterases in P. subcapitata, was opti-
mized. FDA is an inexpensive stain and microplate
readers are a cost-effective instrumentation alternative
to flow cytometers.

P. subcapitata algal cells (5x10°cells ml™") incu-
bated with 20 pmolL ™" FDA for 40 min allowed a
good discrimination between live and metabolical-
ly inactive cells. The optimal conditions selected
in the present work are intermediary values rela-
tive to those found in the literature. As it can be
seen in Table 2, the final FDA concentration
ranged from 0.024 to 60 pmolL™'. Similarly, a
wide range of cell concentrations were used: from
0.1x10° to 10x10°cells ml™" (Table 2). Regarding
the time used for the incubation of the cells with
FDA, although a wide time range can also be
observed (from 4 to 60 min), 10—15 min was
mainly used for flow cytometry (Table 2). Com-
pared to the microplate assay described by Snell et
al. (1996), we propose the use of a higher FDA
concentration with a lower algal cell concentration.
A contact time with the toxicants of 3 or 6 h was
selected, since it corresponds to approximately 25
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Fig. 5 Dose-response plot
of cells of P. subcapitata
exposed to copper. Cells
were exposed to different
concentrations of Cu for 3 h
(a) or 6 h (b) and subse-
quently incubated with

20 umolL™"' FDA for

40 min at 25 °C. Cells in the
exponential phase of growth
(white bars); cells in the
stationary phase of growth
(grey bars). The percentage
of esterase inhibition was
calculated considering the
maximum fluorescence
exhibited by the cells not
exposed to heavy metals
(control), as described in
Section 2. Each point repre-
sents the mean of four
independent experiments
performed in quintuplicate
(n=20). The error bars rep-
resent the SD calculated
with 95 % confidence limits

or 50 % of the doubling time of P. subcapitata
OECD medium (Fig. 4).
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in The fluorescence intensity of fluorescein is highly

pH-dependent (Haugland 2005). For this reason, the

Table 1 Effect of copper on esterase activity of the algal cells of P. subcapitata in the exponential and stationary phases of growth

Time of exposure to toxic (h) Growth phase EC (ugL™")?
10 50
3 Exponential 18 (8.0-30) 209 (159-277)
Stationary 37 (0.88-94) 443 (229-1,676)
6 Exponential 13 (6.6-21) 130 (102-167)
Stationary 11 (3.4-23) 268 (185-425)

EC effect concentration, £C;, concentration of copper that induces the inhibition of 10 % of esterase activity on algal cells evaluated
using FDA, EC5, concentration of copper that induces the inhibition of 50 % of esterase activity on algal cells evaluated using FDA

#Values were obtained from four independent experiments performed in quintuplicate (7=20). Values on parenthesis are 95 %

confidence limits
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Table 2 Comparison of the staining conditions used for the evaluation of esterase activity, using FDA, on the algal cells

[FDA] Time of incubation  Cell concentration Methodology Alga Reference
(umolL™")  with the dye (min)  (x10°cells ml™")

24 60 NS MRF Marine microalgae® Gilbert et al. (1992)
60 >10 10 FC P. subcapitata® Arsenault et al. (1993)
0.024 4 1 FC P. subcapitata® Gala and Giesy (1994)
2.7 5-15 7.5 MRF Several algae® Snell et al. (1996)
30 15 10 FC P. subcapitata® Blaise and Menard (1998)
24 60 5 SP P. subcapitata Radix et al. (2000)
1-25 5-10 0.2-0.4 FC Several algae® Franklin et al. (2001)
40 9 0.2 FC Microcystis aeruginosa Regel et al. (2002)
P. subcapitata
36 10 NS FC Scenedesmus vacuolatus Adler et al. (2007)
25 8 1 FC Chlorella pyrenoidosa Liu et al. (2008)
0.12 15 2 FC Chlamydomonas moewusii  Prado et al. (2009)
31 15 0.1-0.25 FC Several algae® Debenest et al. (2011)
10 60 NS FC Phytoplankton strains® Peperzak and Brussaard (2011)

FC flow cytometer, MRF microplate reader fluorometer, SP spectrofluorometer, NS not specified in the original work
 Tetraselmis suecica, Skeletonema costatum, and Prorocentrum lima

® Formerly known as S. capricornutum

©S. capricornutum, T. suecica, Cyclotella sp., and Synechococcus leopoliensis

ds. capricornutum, Chorella sp., Dunaliella tertiolecta, Phaeodactylum tricornutum, Tetraselmis sp., Entomoneis punctulata, and
Nitzschia paleacea

¢ P. subcapitata, Nitzschia palea, and Chlamydomonas reinhardtii

"The work was carried out with 40 phytoplankton strains belonging to cold, warm, and temperate waters

incubation of algal cells with FDA was carried out in a inhibition of esterase activity was carried out in the
solution buffer at pH 7.0, obtained by the addition of same microplate without any washing step. Perfor-
10 mmolL™" MOPSO; this buffer is appropriate since mance of the toxicity assays using the 96-well micro-
it does not complex with Cu (Soares et al. 1999). plate format has characteristics particularly suitable

In the assay, cells were exposed to the toxicant in when we think of the development of methods, which
growing conditions and the evaluation of the can be used for in situ monitoring in a mobile

Table 3 Comparison of the effect of copper on the esterase activity of the alga P. subcapitata

Time of exposure to toxic (h)  Methodology NOEC LOEC EC (ugL™ Reference

10 50
1 Microplate 200 400 Snell et al. (1996)
1 Flow cytometry 40 124 (84-185) Franklin et al. (2001)
3 Flow cytometry 40 112 (88-143) Franklin et al. (2001)
5 Spectrofluorometer 10 11 (3-40) 850 (230-3,100)  Radix et al. (2000)
24 Flow cytometry 10 51 (38-70) Franklin et al. (2001)

Values in parenthesis are the 95 % confidence limits

EC effect concentration, £C;, concentration of copper that induces the inhibition of 10 % of esterase activity on algal cells evaluated
using FDA, EC5, concentration of copper that induces the inhibition of 50 % of esterase activity on algal cells evaluated using FDA,
NOEC no observed effect concentration, LOEC lowest observed effect concentration

@ Springer



Water Air Soil Pollut (2013) 224:1358

Page 9 of 11, 1358

laboratory; other advantages of using this format are:
(1) small sample volume; (2) a high number of repli-
cates can be used, which improves the statistical
results; and (3) the system can be automated.

Copper was used as reference toxicant since this
metal is a frequently found contaminant from urban,
industrial, and mining inputs into aquatic systems
being considered by the US EPA as a priority pollutant
(US EPA 2006). Copper concentration in surface
waters vary widely and range from 0.5 to 1,000 pug
L', with average concentrations of 10 ugL™"'. Higher
values of copper can be found in polluted areas, such
as receiving treated industrial wastewaters or mining
drainage. Copper concentrations as high as 69,000 ug
L' were measured in surface waters receiving the
drainage from mining operations and abandoned cop-
per mines (ATSDR 2004).

The microplate assay optimized in the present work
allowed the evaluation, in a short time (3—6 h), of the
effect of the growth phase of the algal cells of P.
subcapitata on the susceptibility to the action of Cu
(Fig. 5; Table 1). Cells in the exponential phase of
growth were two times more sensitive to the action of
Cu than the corresponding cells in the stationary phase
(Fig. 5; Table 1). By other words, algal cultures with
2 days (exponential phase) or 4 days (stationary phase)
of growth displayed a completely different suscepti-
bility to copper. These results point out the importance
of rigorous control of the physiological state of algal
cells on ecotoxicity studies. Thus, the evaluation of
toxicity using algal cultures with different growth
times can be a source of error or inconsistency of the
results.

The 3-h EC, and ECs, values obtained (with algal
cells in the exponential phase of growth) are of the
same order of magnitude of those described in the
literature using flow cytometry (Franklin et al. 2001)
(Table 3). Additionally, the 3-h EC,, value obtained is
22 times lower than the value determined as the LOEC
(for a 1-h contact time of the algal cells with the
toxicant) using a microplate reader (Snell et al. 1996)
(Table 3). The 6-h EC,o and ECs, values obtained for
Cu, for P. subcapitata algal cells in the exponential
phase of growth, are similar or four times lower,
respectively, than those described using a spectrofluo-
rometer (5-h EC, and ECsq values) (Table 3). The 6-
h ECs, value obtained is 2.6 times higher than the 24-
h EC value described in the literature using flow
cytometry (Franklin et al. 2001) (Table 3). However,

it is important to point out that the increase of contact
time of the algal cells with the toxicants reduces the
EC values; thus, it is expected that the 24-h EC5, value
should be lower than 6-h ECs, value. In this work, it
was our objective to obtain a short-term assay, using a
contact time with the toxicant up to half of the dupli-
cation time of the algal cells; thus, the 24-h EC values
were not determined. The values obtained for the 6-
h EC;y and 6-h ECs, values, using algal cells in the
exponential phase of growth, were 13 and 130 ugL™",
respectively, which are within the copper concentra-
tions that can be found in surface waters.

In conclusion, in the present work, a short-term
assay, based on the inhibition of esterase activity,
was optimized. The esterase inhibition test showed to
be a rapid and sensitive endpoint for testing toxicity
using the alga P. subcapitata. The assay was carried
out in a small volume, in 96-well microplates. The
algal cells were exposed to the toxicants on growth
conditions and all tests were performed in the same
microplate, reducing errors due to manipulation (such
as loss of cells) and facilitating standardization. The
simplicity of manipulation and fluorescence measure-
ment (with the automatic microplate reader) makes
this assay particularly well suited for the simultaneous
evaluation of short-term algae responses to environ-
mental changes and pollution in large numbers of
samples. Additionally, the importance of controlling
the physiological state of the algal cells (growth phase)
on the susceptibility to copper was demonstrated.
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