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Abstract This work aims to evaluate the feasibility of using
image-based cytometry (IBC) in the analysis of algal cell
quantification and viability, using Pseudokirchneriella
subcapitata as a cell model. Cell concentration was deter-
mined by IBC to be in a linear range between 1x10° and
8x10° cells mL™". Algal viability was defined on the basis
that the intact membrane of viable cells excludes the SYTOX
Green (SG) probe. The disruption of membrane integrity
represents irreversible damage and consequently results in cell
death. Using IBC, we were able to successfully discriminate
between live (SG-negative cells) and dead algal cells (heat-
treated at 65 °C for 60 min; SG-positive cells). The observed
viability of algal populations containing different proportions
of killed cells was well correlated (R*=0.994) with the theo-
retical viability. The validation of the use of this technology
was carried out by exposing algal cells of P. subcapitata to a
copper stress test for 96 h. IBC allowed us to follow the
evolution of cell concentration and the viability of copper-
exposed algal populations. This technology overcomes sever-
al main drawbacks usually associated with microscopy
counting, such as labour-intensive experiments, tedious work
and lack of the representativeness of the cell counting. In
conclusion, IBC allowed a fast and automated determination
of the total number of algal cells and allowed us to analyse
viability. This technology can provide a useful tool for a wide

variety of fields that utilise microalgae, such as the aquatic
toxicology and biotechnology fields.
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Introduction

Microalgae are receiving major attention as a source of high-
value products, such as pharmaceutical products and biofuels.
Part of this significant interest is associated with the ability of
microalgae to grow in very inexpensive conditions.
Microalgae only require sunlight, carbon dioxide and water
(Desai and Atsumi 2013). Microalgae have also been used in
aquatic toxicology studies. They constitute the basic link in
aquatic food chains and are being widely employed in toxi-
cology studies as a representative of trophic level 1 (Blaise
and Vasseur 2005).

Quantification of viable cells in a sample is a central deter-
mination, whether in biotechnology or in environmental mon-
itoring. Viability studies are often used in the assessment of
toxic impacts. The “gold standard” method of viability deter-
mination in microbial models such as bacteria and yeast is the
plate count technique. This method is based on the ability, or
lack thereof, of a single cell to divide and form a colony on the
surface of an adequate agar medium during a period of incu-
bation (clonogenic assay) (Davey 2011). Despite its world-
wide use, the plate count method presents some limitations.
The assay requires tedious work and many reagents, and only a
limited number of cultures can be evaluated simultaneously
(Mirisola et al. 2014). It is also known that microbial cells may
exist in a state in which they are not able to form colonies but
display a measurable cell activity (“viable but not culturable”)
(Davey and Kell 1996; Davey 2011). In addition,



microorganisms with a slow growth rate require a long period
of incubation and consequently an analysis period of 1 week or
higher. This is the case of the green alga Pseudokirchneriella
subcapitata (Korshikov) F.Hindak, where its viability deter-
mination by the classical plate count method requires more
than 1 week. To the naked eye, discernible colonies are only
observed after this long period.

Membrane integrity has been used as an alternative criterion
for defining cell viability. Plasma membranes constitute a
selective barrier between the intracellular contents of a cell
and its surrounding environment. Thus, dye-exclusion assays
have been used to determine cell viabilities. Cells with dam-
aged plasma membranes cannot maintain an electrochemical
gradient and are thus considered dead cells (Davey and Kell
1996). Nucleic acid dyes, such as ethidium bromide (EB) and
propidium iodide (PI), have been used in these types of assays.
In the case of algal cells, these dyes are inappropriate due to the
overlap of the orange fluorescence, exhibited by EB and PI,
with the red algal autofluorescence owing to their photosyn-
thetic pigments (chlorophyll ). Due to this special circum-
stance, SYTOX Green (SG) seems to constitute an alternative
option. This fluorescent probe is excluded from healthy cells
with intact plasma membranes, leaving live cells unstained
(SG-negative cells). Cells with compromised (permeable) plas-
ma membranes are penetrated by the SG and exhibit a bright
green fluorescence and are considered as dead cells (SG-
positive cells) (Haugland 2005; Machado and Soares 2012).

Determining algal viability by labelling the cells with fluo-
rescent probes can be obtained in minutes rather than the days
or weeks necessary for classical plate counting techniques.
However, the processing of several samples by microscopy is
labour-intensive and tedious because it requires the counting
of thousands of cells by eye (Davey 2011). These drawbacks
can be overcome through the use of flow cytometry, which
allows the analysis of thousands of cells per second and
reduces the statistical error. Nevertheless, such a method re-
mains relatively costly and requires highly skilled personnel
(Shapiro and Perlmutter 2006). In recent years, different
methods, such as image-based cytometry (IBC) that performs
automatic image analysis, have become available at a com-
paratively lower cost than flow cytometry. IBC combines the
use of bright-field and fluorescence image acquisition and
processing. The use of this technology has been described in
the literature for the evaluation of animal cell viability (Chan
etal. 2011b, 2012b) as well as yeast cell viability (Chan et al.
2011a, 2012a; Berkes et al. 2012).

In the present work, we investigated the usefulness of
image-based cytometry in the quantification of algal cells
and in the determination of cell viability, using
P, subcapitata as a cell model. For this purpose, algal popula-
tions containing different proportions of heat-treated (dead)
cells were labelled with SG. The viability was determined by
automated IBC and manually by fluorescence microscopy.

The results obtained by the two techniques were compared.
The use of IBC to monitor cell growth and viability of
P subcapitata populations subject to Cu(Il) stress was also
evaluated. Cu(I) was chosen as the toxicant because this
metal is a frequently found aquatic system contaminant as a
result of urban and industrial inputs. Cu(II) concentration in
surface waters can vary widely and ranges from 8x107° to
16 umol L' (ATSDR 2004).

Materials and methods
Strain, media and culture conditions

The freshwater green alga Pseudokirchneriella subcapitata
(strain 278/4) was used. The original strain was obtained from
the Culture Collection of Algae and Protozoa (CCAP), UK.
The algae were maintained in the OECD algal test medium
(OECD 2011) with 20 g L™ agar (Merck), in the dark, at 4 °C.
Medium stock solutions were prepared, sterilised and stored
according to OECD guidelines (OECD 2011).

The starter cultures were prepared weekly by inoculating a
loop of algal cells (from the agar slant) in 20 mL of the OECD
medium, in 100-mL Erlenmeyer flasks. The cells were incu-
bated for 2 days at 25 °C on an orbital shaker at 100 rpm under
continuous “cool white” fluorescent light (fluorescent lamps
with a colour temperature of 4,300 K) and with an intensity of
55 umol photons m % s~ ' at the surface of the flask.

The pre-cultures and cultures were prepared by inoculating
40 or 100 mL of the OECD medium in 100- or 250-mL
Erlenmeyer flasks, respectively, with an initial cell concentra-
tion of ~5x 10* cells mL™". The cells were incubated for 2 days
under the conditions described above for the starter cultures.

Exposure of algal cells to copper stress

Algal cells from the pre-culture were inoculated in 100 mL of
the OECD medium, in 250-mL Erlenmeyer flasks, with an
initial cell concentration of ~1x10° cells mL™" and in the
absence (control) or presence of copper. In the latter case,
appropriate volumes of CuCl, were added from standard
solutions of 10 mg L™ (Merck). Cells were incubated for
96 h under the conditions described above for the starter
cultures.

Cell number determination

Cell number was evaluated using three different methodologies,
as follows:

1. Measurement of the absorbance at 750 nm, according to
US-EPA (2002), and after an appropriate dilution. A
calibration curve (number of cells versus absorbance)



was first constructed. For low cell concentrations, a cu-
vette with a light path of 4 cm was used.

2. Direct cell counting using a microscope and a Neubauer
counting chamber.

3. Image-based cytometry (see below).

Cell staining and image-based cytometric analysis

Algal cells were centrifuged, washed and resuspended in the
OECD medium. Subsequently, cells were stained with
0.5 pumol L' SG, for 20 min, at 25 °C, in the dark, as
previously described (Machado and Soares 2012). Then, a
25-uL aliquot of each sample was placed in disposable
counting slides (Invitrogen, Life Technologies) and used ac-
cording to supplier instructions. Image-based cytometric anal-
ysis was performed on the Tali (Invitrogen, Life Technologies,
USA) image-based cytometer using the green channel
(excitation filter, 466/40 nm; emission filter, 525/50 nm).
As a positive control (SG-positive cells), the algae were heat-
ed to 65 °C for 60 min. Then, the cells were stained and
analysed as described above.

Manual counting using fluorescence microscopy

Cells were harvested from the culture medium, washed and
resuspended in the OECD medium at 1x10° cells mL™".
Then, the cells were stained with SG as described above.
The cells were observed using an epifluorescence microscope
(Leica Microsystems, Wetzlar GmbH, Germany) equipped
with an HBO 100 mercury lamp and the GFP filter set from
Leica: excitation filter (band pass filter, BP) BP 470/40, di-
chromatic mirror 500 and suppression filter BP 525/50. Each
sample was counted at least four times (total of >200 cells per
sample) in randomly selected microscope fields.

Statistical analysis

The data are expressed as the means+standard deviation (SD)
of three or four independent experiments. Significant differ-
ences between the means were tested using the paired
Student’s ¢ test.

Results
Quantification of algal cells

The algal cell concentration can be determined using bright-
field imaging cytometry. To exclude debris and clusters of
cells, a gate between 2 and 12 um (i.e. lower and upper
boundaries), corresponding to algal cell size distribution,

was selected (Fig. 1a). Within this gate, 99 % of the total
events/particles were counted (data not shown). The total
number of events/particles was determined after taking the
ungated data into consideration. With this procedure, only
individual cells that fall within the set boundaries were con-
sidered in the population quantification and were included in
subsequent fluorescent analysis.

To verify the linearity of the determination, a concentrated
cell suspension (~3x10” cells mL ") was prepared and cell
numbers were determined by direct counting using a micro-
scope and a counting chamber. From this concentrated cell
suspension, several cell populations were prepared in a range
between 5x10* and 8 10° cells mL™". As shown in Fig. 1b, a
good correlation (R*=0.9998) could be observed between the
expected and observed cell concentrations. The detection limit
(DL) was 1x10° cells mL". The DL was calculated using a
section of the curve close to the origin and by also using both
the slope and the standard deviation of y residual (S,,,) (Miller
and Miller 2005). The linear range for counting P. subcapitata
algal cells, using IBC, was between 1x10° and at least 8
10° cells mL™".
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Fig. 1 Use of image-based cytometric analysis for evaluation of cell
population of P. subcapitata. a Histogram of the size of algae cell
distribution. The blue lines represent the lower and upper boundaries
selected (a gate between 2 and 12 um). b Linearity of the determination of
algae concentration by image-based cytometry. Each point represents the
meanzstandard deviation (SD) of ten replicates



Viability analysis in mixed live/dead populations

The feasibility of image-based cytometry in the evaluation of
the viability of P. subcapitata algal cells was tested. Cells in
the exponential phase of growth were used as the viable
population (theoretically, ~100 % viability). Dead cells (0 %
viability) were obtained by heat treatment of cells in the

exponential phase. Algal populations with 25, 50 and 75 %
of viable cells were obtained by mixing live and dead popu-
lations at the appropriate proportions. Algae were labelled
with SG and viability was subsequently determined by IBC.
Biological molecules present within cells as well as non-
biological materials can fluoresce upon excitation, resulting in
background fluorescence. To exclude background
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Fig. 2 Assessment of viability by image-based cytometry of mixed
live/dead algal cell populations of P. subcapitata labelled with SYTOX
Green (SG). Different proportions of live and heat-treated (65 °C, 60 min)
(dead) cells of the alga, at a final concentration of 1x 10° cells mL ™", were
stained with SG. a SG histograms of fluorescence intensity profiles of the
different cell populations. The blue line shows the relative fluorescence
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unit (RFU) threshold selected. In each assay, >5,000 cells were analysed.
b Overlay images of bright-field and green fluorescent channel of differ-
ent algal populations. SG-positive cells are circled. ¢ Comparison of
theoretical and experimental values of the percentage of viable cells. Data
are the mean+SD of three independent experiments



fluorescence, a minimum (threshold) relative fluorescence
unit (RFU) value (Fig. 2a) was defined. For this purpose,
algae cells in the exponential phase of growth were used.
These cells had an undamaged plasma membrane, were not
penetrated by SG and, as a result, remained unstained. The
fluorescent threshold corresponds to the “background” fluo-
rescence due to the slide, cells, buffer and dye autofluores-
cence and appears as the peak closest to the 0 RFU in the
histogram “number of cells vs. fluorescence” (Fig. 2a). In each
experiment set, the same threshold value was considered. This
value was similar among the different experiments.

Only the algae cells with fluorescence levels above the
threshold value were counted. The fluorescence threshold
was visually confirmed using the image overlay of the
bright-field and green fluorescent channels, which allowed
us to verify how each individual algae cell was categorised
as fluorescent or not fluorescent. The counted algae cells were
automatically spotted and circled by the equipment software,
which allows for distinguishing between viable and non-
viable algae cells (Fig. 2b).

The image-based cytometer used displays a green channel
with an excitation filter of 466/40 nm and an emission filter of
525/50 nm. This channel is well suited for analysis of cells
labelled with SG because this fluorescent probe exhibits a
green fluorescence upon binding nucleic acids, with an emis-
sion peak of 523 nm when excited at 450—490 nm. In addition,
the band pass emission filter eliminates the P. subcapitata
autofluorescence (with an emission peak of 684 nm when
excited at 485 nm). In other words, algae autofluorescence
does not interfere with green fluorescence analysis. In fact,
although live cells displayed autofluorescence, no fluores-
cence signal could be detected in the green channel (Fig. 2a).

Heat-treated cells exhibited a strong and bright green fluo-
rescence. Algae populations with increased concentrations of
heat-treated cells resulted in a peak enhancement (Fig. 2a) due
to the presence of green fluorescence (Fig. 2b). Upon com-
parison, the predicted percentage (theoretical) of viable algae
cells was well correlated (R°=0.994) with the observed per-
centage (Fig. 2c¢).

Monitoring of growth and viability of algal cells exposed
to copper stress

The validation of IBC used in the analysis of viability was
carried out by placing algae cells, incubated in the OECD
medium, in the absence (control) or the presence of two
copper concentrations, 1.26 and 2.52 pmol L™, which corre-
spond to 80 and 160 ug L™ (ppb), respectively. At defined
times (indicated in the graphic), samples were withdrawn for
analysis. The concentration of algae cells in the cultures,
obtained by IBC, was compared with the result obtained by
absorbance at 750 nm. The mean values obtained for the two
procedures were not significantly different (P<0.05) (Fig. 3).
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Fig. 3 Evolution of the impact of copper stress on the growth of
P, subcapitata. Algal cells in exponential phase of growth were inoculated
in the OECD medium in the absence (control, circles) or in the presence of
different copper concentrations: 1.26 pmol L (triangles) and
2.52 umol L™ (squares). Cell concentration was determined using two
different methodologies: image-based cytometry (closed symbols) or the
absorbance at 750 nm (open symbols). Data are the mean+SD of four
independent experiments. The means are not significantly different (P<0.05)

The incubation of P subcapitata cells with 1.26 pmol L™
Cu(Il) for 96 h inhibited ~95 % of growth. The presence of
2.52 umol L™" Cu(Il) completely arrested algal growth
(Fig. 3).

The evolution of the loss of viability of algae cells in the
cultures exposed to Cu(Il) was evaluated by IBC and by
fluorescence microscopy. The results obtained by the two
techniques were not significantly different (P<0.05)
(Fig. 4b). For both copper concentrations, a loss of viability
occurred with the time of exposure to the toxicant. The incu-
bation of algae cells with 1.26 pumol L™" Cu(Il) for 96 h
induced a lethality of ~25 % in the cell population. The
incubation with 2.56 pmol L™ Cu(II) for 96 h resulted in a
lethality of ~76 % (Fig. 4). In control cells (not exposed to the
toxicant), the percentage of viable cells was >99 % during the
96-h growth period (Fig. 4). The exposure to Cu(Il) at
16 pmol L' for 4 h led to a population with more than
99 % of SG-positive cells (data not shown). After exposure
to 16 umol L™ Cu(Il), algae cells were washed, suspended in
fresh culture medium at 1% 10° cells mL ™" and incubated for
7 days. During this time, the population was unable to
divide and resume growth, confirming that SG-positive
cells can be considered dead (data not shown).

Discussion

In recent years, several image-based cytometers have become
available on the market. These devices acquire both bright-
field and fluorescence images, which allows for the
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Fig. 4 Evolution of the impact of copper stress on the viability of
P, subcapitata. Algal cells in exponential phase of growth were inoculated
in the OECD medium containing different copper concentrations. Cells
were harvested by centrifugation, washed and labelled with SYTOX
Green. a SG histograms of fluorescence intensity profiles of the different
cell populations. The blue line shows the relative fluorescence unit (RFU)

simultaneous determination of total cell count and cell viabil-
ity. Total cell number is counted by the equipment software
using the bright-field images, while the viability is determined
by analysis of fluorescence images of the same bright-field
view (Chan et al. 2012b).

In the present work, the use of this technology with algae
cells was evaluated. Debris and clusters of algae cells were
excluded from image analysis by selecting a gate between 2
and 12 um. The lower and upper boundaries selected corre-
spond to individual algae cell size distribution. These values
are in agreement with the data recently reported in the litera-
ture, which described an average size (length x width) of 9.1 x
3.2 um for P. subcapitata (Machado and Soares 2014). It is
important to note that a histogram of “cell size vs. number of

threshold selected. b Time course of the viability of algal cells not
exposed (control) or exposed to copper stress. Viability was evaluated
by fluorescence microscopy or by image-based cytometry (IBC). Data are
the mean+SD of four independent experiments. The means are not
significantly different (P<0.05)

cells” is always displayed on the equipment screen. Thus, in
each analysis, the lower and the upper boundaries for algal
size can be adjusted.

The equipment used allowed for the counting of
P, subcapitata cells in a range of between 1x 10° and at least
8x10° cells mL". This wide linear range allowed for the
monitoring of algal growth (Fig. 3) without the need for cell
suspension dilution. These values are in agreement with the
supplier, which recommends a sample concentration range of
1x10° to 1x107 cells mL™". Chan et al. (2012b), using a
different image-base cytometer, reported a similar linear range
for animal cells.

The plate count technique constitutes a standard method in
the microbiology field for viability assessment. However, the



slow growth (doubling time of ~12 h) of P. subcapitata cells
(Machado and Soares 2014) makes it difficult to use this
method, as it takes 1-2 weeks to visibly observe colonies. In
this context, the staining exclusion assay emerges as a good
alternative. This technique allows for the visual distinction
between viable and non-viable cells. In this work, the criterion
of algal viability was based on the exclusion of the fluorescent
probe SG. Like the prokaryotic cells, where it is assumed that
only cells with plasma membranes that are sufficiently dam-
aged allow the entry of propidium iodide (Davey and Hexley
2011), only P. subcapitata cells with disrupted membranes are
penetrated by SG. This means that SG-positive cells have
passed the “point of no return” and can be considered non-
viable. This possibility was confirmed in P. subcapitata, be-
cause an algal population that consisted of >99 % SG-positive
cells was not able to grow when incubated in a fresh culture
medium for 7 days. SG has been used in the evaluation of the
viability of bacteria, yeast cells (Haugland 2005), phytoplank-
ton and green alga, using fluorescence microscopy, flow cy-
tometry or microplate readers (Sato et al. 2004; Ribalet et al.
2007; Timmermans et al. 2007; Segovia and Berges 2009;
Rogers et al. 2010; Chang et al. 2011; Nagai et al. 2011;
Peperzak and Brussaard 2011; Machado and Soares 2012).

Cell viability, determined by manual counting using fluo-
rescence microscopy, is a labour-intensive method that is
conducive to some inconsistency due to user error. In addition,
a statistical error is associated with the low number of cells
counted. Typically, 100-300 cells are counted. The automated
IBC seems to be a useful alternative. This technology reduces
the time spent on manual counting, does not require expensive
instruments or technical expertise and allows for the analysis
of thousands of cells. The labelling of algal cells with SG,
followed by IBC analysis, was able to discriminate between
live and dead cells. Strong fluorescent signals were obtained
from non-viable algal cells. It was also possible to discrimi-
nate algal populations containing different proportions of dead
cells. The comparison of predicted and measured viability
rates showed a high degree of agreement (Fig. 2). Taken
together, these results show that analysis by image-based
cytometry of SG-labelled algae cells is a useful approach in
the evaluation of the viability of P. subcapitata. Image-based
cytometry also allows for the determination of cell concentra-
tions. Thus, it was possible to carry out the follow-up exper-
iments measuring the impact of a toxicant on cell growth
(Fig. 3) and viability (Fig. 4).

In conclusion, image-based cytometry allowed for the ac-
curate measurement of algae cell concentrations and for the
evaluation of population viability. It was possible to follow, in
a fast and easy mode, the progression of cell death brought
about by the addition of a toxicant. Given that image-based
cytometry counting is automated, it reduces labour-intensive
steps associated with microscopic manual counting, over-
comes the subjectivity of personal cell visualisation and

allows for the counting of thousands of cells, which improves
the accuracy of the results. In addition, this technology com-
bines rapid and automated throughput methods to increase the
possibility of visualising cells. Image-based cytometry can
constitute a useful tool in aquatic toxicology for the monitor-
ing of algae concentration and for performing viability studies.
In a wider scope, IBC can be useful in any determination of
algae concentration and viability, which are two important
parameters in any cell-based study.
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