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Abstract

Background: Currently established methods to identify viable and non-viable cells of cyanobacteria are either
time-consuming (eg. plating) or preparation-intensive (eg. fluorescent staining). In this paper we present a new and
fast viability assay for unicellular cyanobacteria, which uses red chlorophyll fluorescence and an unspecific green
autofluorescence for the differentiation of viable and non-viable cells without the need of sample preparation.

Results: The viability assay for unicellular cyanobacteria using red and green autofluorescence was established and
validated for the model organism Synechocystis sp. PCC 6803. Both autofluorescence signals could be observed
simultaneously allowing a direct classification of viable and non-viable cells. The results were confirmed by plating/
colony count, absorption spectra and chlorophyll measurements. The use of an automated fluorescence
microscope and a novel ImageJ based image analysis plugin allow a semi-automated analysis.

Conclusions: The new method simplifies the process of viability analysis and allows a quick and accurate analysis.
Furthermore results indicate that a combination of the new assay with absorption spectra or chlorophyll
concentration measurements allows the estimation of the vitality of cells.

Background

The last couple of years have shown an increased
research interest in microalgae and cyanobacteria, espe-
cially in the field of biofuels. Therefore simple and fast
culture monitoring methods to determine the viability
of the cells are needed.

As a simple method for the monitoring of fitness,
absorption spectra give an overview of the amount of
pigments and their distribution in the culture. Also the
chlorophyll concentration (and the chlorophyll-concen-
tration/OD-50) can be used to analyze the culture condi-
tion [1]. Nevertheless, both methods only allow the
quantification of growth and viability on the culture
level, giving an average over all cells, but not a quantifi-
cation of the viable cells. A differentiation of viable and
non-viable cells on a cell by cell level allows for a causal
evaluation of cell viability in regard to changing condi-
tions, such as stress, cell aging or respiration rate. The
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standard method for the determining of cell viability is
plating of the culture and subsequent counting of the
colonies. This method however, requires plate prepara-
tion and at least one week until colonies can be identi-
fied. An alternative method for the determination of cell
viability is fluorescent staining. In a dual-fluorescence
assay the autofluorescence of chlorophyll is used to
identify viable cells, and the fluorescent dye SYTOX
Green is used to identify non-viable cells [2]. Although
staining is faster than plating, it is vastly more expen-
sive, and there is still need for culture preparation. For
an automation of fluorescent staining, a flow cytometric
approach for Microcystis has been previously reported
[3]. The automation of the viability analysis via flow
cytometry has the advantage of being less time consum-
ing and more reliable. Nevertheless staining of the sam-
ple is still required. In contrast, the method presented in
this paper could be adapted for use with flow cytometry
and would allow the differentiation of viable cells with-
out any sample preparation.

The new method is a fast and simple alternative using
red chlorophyll fluorescence and an unspecific green
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autofluorescence for the determination of cell viability.
Red autofluorescence of chlorophyll is only present in
viable cells. For higher plants and filamentous cyanobac-
teria it is known, that there is a steady state between the
building and degradation of chlorophyll. Senescence or
dying results in a switch from equilibrium (with high
turnover) to a massive degradation of chlorophyll [4,5].
Therefore the red autofluorescence fades and a green
unspecific fluorescence, which can be observed at the
same excitation wavelength but is superimposed by the
red chlorophyll fluorescence in viable cells, becomes
visible. This green fluorescence has mostly been
described in higher plants and is caused by a variety of
different molecules like flavonoids, flavins (e.g. FAD),
cinnamic acids (e.g. ferulic acid), betaxanthine and pyri-
dine nucleotides [e.g. NAD(P)H]. For algae this phe-
nomenon has barely been analyzed and the molecules
responsible for the green autofluorescence are mostly
unidentified [6,7].

Nevertheless this effect allows one to distinguish
between viable and non-viable cells (For this method
non-viable cells are defined as cells that still show an
intact cell shape but have lost the ability for growth
and/or division.) at the same excitation frequency. By
the use of a long pass filter for the emission wavelength
both fluorescent signals can be observed simultaneously.
A direct determination of the number of viable and
non-viable cells is now possible without any sample
preparation.

By the use of an automated fluorescence microscope
and subsequent analysis of the generated images, an
automated procedure for the determination of cell viabi-
lity was created. For the image analysis, a plugin was
written for Image], an Open Source project which allows
easy expansion [8,9]. The plugin enables the determina-
tion of the total cell concentration and the number of
viable and non-viable cells by counting fluorescent cells
and classing them by color.

We tested the red-green fluorescence assay for Syne-
chocystis sp. PCC 6803, as it is a model for cyanobac-
teria and photoautotroph organisms in general [10]. The
results for the automated viability analysis via Image]
were validated with values obtained by plating, chloro-
phyll-measurement, and the analysis of the absorption
spectra. Furthermore a temperature stressed Synechocys-
tis culture was analyzed with the fluorescence assay and
absorption spectroscopy. Results were compared with
those of the viable culture, to test the applicability for a
vitality analysis. Additionally the automated determina-
tion of the cell concentration by the plugin was investi-
gated and compared to the optical density at 750 nm,
which is often used to determine cell concentration for
unicellular cyanobacteria.
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Results

Samples with 5107 cells per ml, but different ratios of
viable to non-viable cells were created. The percentage
of viable cells and the total cell count per ml was then
determined with the presented fluorescence method.
Additionally the viable cell count via plating, chlorophyll
content, the absorption spectra, and OD-5, were deter-
mined for every sample to compare them to the results
obtained with the new method.

Fluorescence microscopy for viability analysis

By using the autofluorescence of chlorophyll and an
unspecific green autofluorescence of phototroph organ-
isms, the proposed method allows a very easy determi-
nation of the number of viable cells of a culture. In all
pictures the red fluorescent signal of the chlorophyll
from viable cells showed a stronger intensity than the
green signal from non-viable cells. Nevertheless a good
detection of all signals was possible. The overlay of the
fluorescent- and the phase contrast image confirms that
the red (viable) and green (non-viable) fluorescent signal
originate exclusively from Synechocystis cells (Figure 1).
Additionally one can clearly observe a decrease of the
number of red fluorescent cells and an increase of the
number of green fluorescent cells for a decreased num-
ber of viable cells in the different samples. For all sam-
ples fluorescent images of a defined volume were taken
in a Helber counting chamber in an automated proce-
dure. With the subsequent analysis via Image], the
expected numbers of red (viable) and green (non-viable)
cells could be determined with great accuracy (Figure
2a).

The calculated concentration corresponded well to the
adjusted cell count of 5*10” cells/ml for the mixed sam-
ples containing 25%, 50% and 75% of viable cells. Sam-
ples containing 0% and 100% viable cells showed a
significant difference to the expected cell count of 5*10”
cells/ml and were in a range between 5.57 * 10" - 6.65 *
107 cells/ml (Figure 2b).

Plating

Plating is the standard method to determine the number
of viable cells in a culture. The different samples showed
a decrease in the number of formed colonies with a
decreasing number of viable cells in the mixture. A lin-
ear regression of the normalized count of colony form-
ing cells on plates and the number of viable cells, as
determined by fluorescence showed a correlation coeffi-
cient of 0.995 (Figure 3).

Chlorophyll
The chlorophyll concentration is often used as a mea-
sure for the viability of cyanobacteria cultures, and
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Figure 1 Microscopic images of the Synechocystis samples. Details of sample images for the examined Synechocystis samples with a different
number of viable cells (A: 100%, B: 75%, C: 50%, D: 25%, E: 0%). All images show an overlay of microscopic fluorescent and phase contrast
pictures. Red fluorescence is caused by chlorophyll and represents viable cells. Non-viable cells show a green unspecific autofluorescence.

showed the expected decrease for the samples with
decreasing number of viable cells (Figure 4).

Absorption spectra

The determination of the absorption spectra is a con-
ventional method to obtain an overview of the quantity
and distribution of the pigments in the culture. In the
sample with 100% viable cells the typical peaks for phy-
cocyanin at 630 nm, chlorophyll a at 450 and 670 nm,
and the carotenoids in the range of ~ 470-520 nm can
be clearly seen (Figure 5). With increasing number of
non-viable cells a decrease in the height of all peaks is
clearly visible. For the sample with only non-viable cells
no peaks at all can be detected, indicating a loss of all
pigments.

OD;s0

The determination of the optical density is a very fast
method and usually correlates well to the cell count of
the culture. However, even though all samples were
adjusted to a cell count of 5 * 107 cells per ml, the
OD55 values showed a decrease from 0.971 to 0.649
with a decreasing number of viable cells (Figure 6).

Applied vitality analysis on a cell by cell basis
Absorption spectra give a good overview over the con-
tent of pigments in the culture and are therefore used
to determine the vitality of cultures. Nevertheless there
can be different conditions of a culture that would result
in the same absorption spectra. For example a culture
with only stressed but viable cells could result in the
same spectra as a culture that consists of a heteroge-
neous mix of unstressed viable and non-viable cells.
Therefore an experiment was performed to test if a
combination of absorption spectra and the new viability
assay can be used to determine how many cells are con-
tributing to the total pigmentation measured trough
absorption. Thus allowing an estimation of the average
pigmentation of the viable cells.

To analyze this, the number of viable cells and an
absorption spectrum were determined for a temperature
adapted but stressed Symechocystis culture (Tillich,
unpublished data; cultivation was in a bioreactor with
day (12h): 44°C, 330 pE/m?**s, ph regulated CO (10%)
(ph setpoint = 7.3); night (12h): 26°C; 10 ml/min
bubbled air). The analyzed number of viable cells for
the temperature stressed culture was 89% (only a
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Figure 2 Results for the cell-viability fluorescence assay. The
graph shows the determined number (A) and concentration (B) of
red fluorescent cells for different samples containing a decreasing
number of viable cells. Samples were analyzed three times using
automated fluorescent microscopy and our plugin for ImageJ.

(black dot) plotted over the corresponding percentage of viable
cells in the sample.
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Figure 3 Correlation between the number of viable cells as
determined with plating and the cell-viability fluorescent
assay. The colony counts via plating and the number of fluorescent
cells were determined in triplicates. The linear regression line
between the two methods has a slope of 0.9865, intercept of
0.4618, and correlation coefficient of 0.9956.
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Figure 5 Absorption spectra for the different samples with an
decreasing number of viable cells. The absorption spectra were
recorded for the different samples in a range of 300 - 800 nm. All
samples were adjusted to an optical density of 0.65. Plot limits were
set to 400 and 750 nm since no additional information could be
retrieved outside of these limits.
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Figure 6 Optical density at 750 nm for the different samples
with an decreasing number of viable cells. The measured optical
density is plotted over the determined percentage of viable cells.
Measurements were performed once for every sample.

difference of 9% to the 98% of the viable sample, see
Figure 2). However, a comparison of the absorption
spectra of both cultures showed a high difference in the
total pigment content as determined by peak heights
(Figure 7).
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Figure 7 Absorption Spectra for a temperature stressed and an
optimally cultivated Synechocystis culture. For both cultures a
viability analysis was performed with the fluorescence assay and
showed a difference of 9% in the number of viable cells (98% for
the optimally cultivated culture and 89% for the temperature

stressed culture).
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Discussion

In this paper a new cell-viability fluorescence assay,
which uses chlorophyll autofluorescence of viable cells
and an unspecific green autofluorescence of non-viable
cells, is presented for Symechocystis. It is a very simple
and fast method without sample preparation or long
growing phase for an immediate and direct analysis at
the cellular level. Compared to staining methods it
allows a more accurate analysis since contaminants (e.g.
heterotrophic bacteria) in different cultures (data not
shown) showed no fluorescent signal at the used excita-
tion wavelength and are therefore not included in the
analysis.

To validate the new method, results were compared to
plating, chlorophyll concentration and absorption spec-
tra, which are common methods for the determination
of culture or cell viability. The strong correlation (R* =
0.995) between the percentage of viable cells as deter-
mined by the newly established autofluorescence
method, and the number determined by plating confirm
the results obtained with our method and show that an
accurate viability analysis is possible.

The absorption spectra and chlorophyll concentration
also matched the results of the viability analysis via
fluorescence. The spectra for the culture, consisting only
of non-viable cells, clearly shows that no photo pig-
ments are present; therefore the green autofluorescence
must be caused by other molecules. Additionally the
sample consisting only of viable cells showed the highest
peaks in the absorption spectra and concentration for
chlorophyll.

These results seem to indicate that both, absorption
spectra or chlorophyll concentration, can also be used
for a quantification of viable cells. The measured values
however are an average of all cells in the culture; there-
fore there is no distinction between part of the popula-
tion dying or each cell reducing its pigment content
while remaining viable. During cultivation there can be
a number of different factors which lead to chlorophyll
decrease within each cell [4]. Possible reasons include
environmental factors such as high light stress or dying
of a part of the population because of aging. Therefore
absorption spectra and chlorophyll concentration are
not suited for the analysis of the number of viable cells.
This can only be achieved by a cell based approach like
the presented fluorescence assay.

As mentioned before, the absorption spectra and the
chlorophyll concentration give a good quantitative over-
view over the total amount of pigments in the culture.
A combination with the newly developed binary method
seems sensible. A comparison between the absorption
spectra of a temperature stressed and an unstressed cul-
ture shows a much higher pigmentation for the
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unstressed culture, although the new viability assay
shows a difference of the number of viable cells of only
9%. This indicates that the second culture has much
lower pigment content per viable cell and these viable
cells are therefore less vital (In this work the vitality of a
culture/cell is defined as pigment content per culture/
cell, since cyanobacteria show bleaching effects when
they are grown under stressful culture conditions.).
These results show that a combination of the new devel-
oped method and absorption spectra allows a more
accurate quantification of the level of vitality of the cul-
ture. The combination of both methods makes it possi-
ble to determine the average pigmentation of the viable
cells, since one can estimate the number of cells which
are contributing to the overall signal measured
photometrically.

Additionally cell counting results were compared to
OD55, values of the different samples. The optical den-
sity is often used to determine the cell concentration of
the culture. Our results however showed that although
all samples had the same cell concentration, the OD5,
values decreased with a decreasing viability of the cul-
ture. For the culture containing only non-viable cells the
total cell concentration was underestimated by about
30% when using only ODs54. This is probably caused by
the loss of pigmentation, which results in changed
absorption and light scattering characteristics of the cul-
ture. These findings indicate that a direct determination
of the concentration via cell counting should be used
when exact values are needed, since the relation
between optical density and concentration is limited by
the pigmentation of the cells.

The analysis of the cell concentrations with the pre-
sented automated cell counting showed significant dif-
ferences to the expected cell count for the samples
containing only viable and non-viable cells. These dis-
crepancies are probably due to errors in the initial cell
counting used for the dilution to a cell count of 5 * 107
cells, as this counting was made by hand to allow valida-
tion of the automated method. The samples consisting
of mixtures of the viable and non-viable samples,
showed concentrations that corresponded well to the
expected cell count.

Conclusions

In conclusion the newly developed method enables a
quick and accurate quantification of viable and non-
viable cells for Synechocystis. The method requires no
staining and has virtually no costs in addition to the
needed equipment. Results are obtained immediately,
and match those obtained by (time consuming) plating.
Beside the quantification of viable and non-viable cells,
results indicate that one also can estimate the vitality of
cells (e.g. via the course of a batch cultivation or before
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and after stressing conditions) by combining this
method with absorption spectra or chlorophyll concen-
tration measurements.

An adaptation of the auto fluorescence assay to a flow
cytometer should also be possible. Beyond those of the
possibility for an automated viability analysis of chloro-
phyll containing organisms without any staining, this
would also allow the sorting in viable and non-viable
cells (with a FACS). This could for example help to fas-
ten the process of culture optimization.

Methods

Strain and culture conditions

Synechocystis sp. PCC 6803 was grown in BG11 medium
(17,65 mM NaNOs, 0,18 mM K,HPO, * 3H,0, 0,03
mM Citric acid, 0,003 mM EDTA (disodium magne-
sium), 0,19 mM Na,COs3, 0,03 mM Ferric ammonium
citrate and trace metals) in a T75 tissue culture flask.
Cultivation was in a Minitron shaker (INFORS HT)
with photosynthesis lights at 35°C, 55 rpm and a contin-
uous illumination of 20 pE/m? The culture was kept in
log growth phase by dilution.

Preparation of viable and non-viable cells

A viable Synechocystis culture was split in two samples
of 20 ml and OD-5o = 2. To obtain non-viable cells, one
sample was incubated at 60°C on a heated magnetic stir-
rer. The incubation was performed for 5 days in a
closed Schott flask. The second sample was cultivated as
previously described. The viable and non-viable culture
was then counted in a Helber counting chamber to
adjust the cell concentration to 5*107cells per ml. Addi-
tionally the cultures were mixed in ratios of 1:0; 4:1; 2:1;
1:4 and 0:1.

Semiautomated fluorescence microscopy for viability
analysis

Cells were analyzed using a Helber counting chamber. To
reduce cell movement within the chamber, the culture
was mixed 1:2 with glycerol (99.5%, p.a.). Pretests with
glycerol showed no influence to the cells and the fluores-
cence signal (data not shown). For image acquisition the
automated Keyence BZ 9000 microscope and a chloro-
phyll fluorescence filter set (excitation: 435/40 nm; beam
splitter: 510 nm; emission: 515 nm long-pass) were used.
To enable a robust automated cell analysis, images were
taken outside of the counting grid. Using the automated
scanning module of the Keyence BZ II Viewer software,
pictures of viable and non-viable fluorescence and phase
contrast were taken for a volume of 0.084 pl. Four prede-
fined corners of a square were focused by hand; using the
“AutoRangePhoto” function of the software the focal
points for all positions within the square were then extra-
polated and pictures taken automatically.
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For the automated viability analysis and cell counting,
a plugin for Image] was written which is available in
Additional file 1. To segment all cells from the back-
ground the fluorescent images were converted in a
RGB-image stack. Afterwards automated thresholding
with the “MaxEntropy” method [11] was used separately
for both the red and green channel. Both images were
combined and the cells were registered using the “Parti-
cle Analyzer” method [12]. Registered particles smaller
then 35 um?* were excluded from the analysis to elimi-
nate the influence of artefacts, which occurred due to
image noise during thresholding of the image back-
grounds (especially in the green channel). To differenti-
ate between red and green cells the mean green-
intensity of the cell area was thresholded at an intensity
value of 50. This value was estimated by empiric testing.
After all pictures were analyzed, the percentage of red
and green cells, as well as the concentration per ml was
calculated. These experiments were performed three
times for every sample.

OD;5, measurement and absorption spectroscopy

The optical density of the samples was measured at 750
nm using the UV-Spectrophotometer UV-1800 (Shi-
madzu). For the analysis of the absorption, the cultures
were adjusted to an optical density of 0.65, and spectra
were recorded in the range of 300 - 800 nm.

Chlorophyll measurement

According to [1] 2 ml of the culture were centrifuged at
15.000 g for 10 min in a 2 ml reaction tube. 1900 pl of
the supernatant were removed and the cells were resus-
pended using an ultrasonic bath. Afterwards 900 ul of
100% methanol were added and incubated in the dark at
+4°C for 1 hour. Samples were then centrifuged at
15.000g for 10 minutes and absorption was measured at
650 nm. Chlorophyll concentration in pg/ml was calcu-
lated by the following formula:

Chlorophyll (ng/ml) = (Absgso * 13.9)/2ml

The chlorophyll measurement was performed two
times for every sample.

Cell plating

Viable cells per ml were determined by spreading 5*10*
cells of the samples on agar plates (87 mm inner dia-
meter; 60.1 cm” growth area) containing BG-11 and 1%
agar. The plates were incubated for one week at room
temperature and 10 uE/m?s. Colonies were counted
using the autofluorescence of phycocyanin. Fluorescence
pictures of the plates were taken with the Keyence
BZ9000 and a phycocyanin fluorescence filter set (exci-
tation: 600/37 nm; beam splitter: 625 nm; emission:
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655/40 nm). Using the automated scanning module of
the Keyence Software, pictures of an area of 10.5 cm?
were taken. Automated counting was done by another
self written ImageJ plugin which uses histogram thresh-
olding for segmentation and the integrated “Analyze
Particles” function. To calculate the viability of the cul-
tures the colony count of all samples was normalized by
the colony count of the control (only viable cells plated).
The plating was performed in triplicates for every
sample.

Additional material

Additional file 1: ImageJ plugin and sample pictures. The plugin can
be used for an automated analysis of microscopic images of the new
cell-viability fluorescence assay. ImageJ is required and can be
downloaded from http://rsbweb.nih.gov/ij/download.html. For an
installation of the plugin extract the Jjar file into the plugin folder and
restart ImagelJ. The plugin can be found under Plugins > LivingDead.
Example images for the plugin can be found in the folder
Examplelmages.
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