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Flow cytometry (FCM) is awell-established tool in the field of aquatic phytoplankton ecology andmicroalgal bio-
technology, which allows for rapid assessment of the viability and physiological state of individual cells in algal
populations. However, the autofluorescent spectra of different types of chlorophyll and other algal pigments
may overlap with fluorescent dyes and affect the resolution of algae clusters, sensitivity, and signal-to-noise
ratio. Dying algal cells continue to exhibit a strong autofluorescent signal, which may affect the evaluation of
algal viability.
Herein, we tested two different approaches to measure algal fluorescence in the presence of a strong
autofluorescent signal: 1) by separating dyes between different excitation lasers in order to reach minimal spec-
tral overlapwith the autofluorescent signal usingflowand imaging cytometry and 2) through full spectrum anal-
ysis, virtualfiltering and spectral unmixing of dye combinations and algal pigments' autofluorescence via spectral
flow cytometry. For this purpose, we used viability dyes from the SYTOX family and lipophilic dyes. Among the
dyes tested, the SYTOX Blue (SB) dye had minimal overlap with chlorophyll fluorescence and can be combined
with autofluorescence assessment and lipophilic dyes (validatedwith Emiliania huxleyi algal monocultures). Im-
aging cytometry provided a detailed characterization of algal subpopulations stainedwith a combination of fluo-
rescent dyes. A spectral flow cytometer allowed us to analyze environmental phytoplankton samples stained
with fluorescent dyes in the presence of strong and heterogeneous autofluorescence from intrinsic algal pig-
ments. We concluded that the multi-color staining of algal samples can be achieved in the presence of strong
and diverse algal autofluorescence using dyes with minimal spectral overlap, a multi-laser approach (flow and
imaging cytometry) and/or virtual filter and spectral flow cytometry instrumentation. This can open a new
page for analytical and cell sorting algal applications.
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Keywords:
Microalgae
Autofluorescence
Emiliania huxleyi
Flow and imaging cytometry
Spectral flow cytometry
Viability

1. Introduction

Thoughwidely used in algal biotechnology and research, the full po-
tential of FCM for microalgal characteristics is not fully exploited. The
main problems are thewide range of cell sizes and high level of autoflu-
orescence; whichmakes the selection of appropriate dyes originally de-
veloped for the characterization of mammalian cells difficult [1].
Microalgae exhibit high autofluorescence due to the presence of

multiple photosynthetic pigments such as chlorophyll a, b, c, and d,
phycobiliproteins (phycocyanins, phycoerythrin (PE)), carotenoids,
and others [2]. The heterogeneous evolutionary origin ofmicroalgae, to-
gether with their capabilities of supporting efficient photosynthesis at
different depths in water columns, allows for higher chemical diversity
of phytoplankton photosynthetic compounds. The autofluorescence in-
tensity of different pigments and their emission characteristics are sub-
jected to variations correlated to changes in algal viability, changes in
metabolic activity and physiological status [3], and can lead to image
saturation (in microscopy and imaging cytometry).

The autofluorescent pigment emission overlaps with the emission
wavelengths of many nucleic and metabolic dyes, and as a result, may
lead to a decrease in sensitivity, low signal-to-noise ratio [4], and
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misidentification of positive subpopulations. Thus, classic fluorescent
dyes used for microalgal staining such as Nile Red (neutral lipid
dye; [9-(diethyl amino) benzo[a]phenoxazin-5(5H)-one]) [5,6] and
propidium iodide (DNA-stain commonly used for identifying dead
cells in a population) have a maximal emission near 600 nm,which sig-
nificantly overlaps with the intrinsic autofluorescence of algal pigments
- in particular, chlorophyll. In order to separate the fluorescent dye sig-
nal from strong red chlorophyll fluorescence, many researchers have
employed viability and metabolic fluorescent dyes emitting in the
green part of spectra (metabolic dyes: fluorescein diacetate (FDA),
calcein AM, BODIPY 505/515; viability dyes: SYTOX Green (SG) and/or
SYBR Green) [7,8,9,10,11]. The BODIPY 505/515 [4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene 505/515], a recently introduced dye for rapid
quantification of lipids accumulation in the algae [11,12,13,14], also
emits in the green channel. In the absence of other dyes, some authors
retreated to the measurement of viability and metabolic activities of
algal cultures sequentially, using the same green channel (SG and
FDA) [15]. However, the fluorescent signal of these dyes can be affected
by intrinsic green autofluorescence - which is also a common feature of
green algae, cyanobacteria, dinoflagellates, and diatoms [16] - and by
the bleeding of autofluorescence from neighboring channels.

Alternatively, different groups have exploited the measurement of
the intrinsic fluorescence of chlorophyll [17,16,18] and other fluores-
cent pigments (green fluorescence) [19,20] for a number of applications
such as viability evaluation, characterization of phytoplankton diversity,
screening of microalgal strains for biotechnological processes, and eval-
uation of environmental toxicity [17,21]. However, chlorophyll con-
tinues to fluoresce in some non-viable cells, which may lead to
inaccurate viability quantitation results using autofluorescence as the
sole parameter of viability.

In this report, we describe two different approaches to the quantita-
tion of fluorescent dyes in the presence of algal autofluorescence: 1)
multi-laser analysis, where a number of different fluorescent dyes are
separated between lasers in order to reach minimal overlap with the
autofluorescent signal and 2) the virtual optical filter approach which
allows for а better separation of the autofluorescent signal of pigments
via spectral flow cytometry. Nucleic dyes from the SYTOX family
(SYTOX Orange (SO), SG, SB) and new lipophilic dyes (BODIPY 493/503,
DiA, Dil and DiO) emitting in different channels were used in order to
characterizemonocultured (E. huxleyi) and environmental algal popula-
tions. We hypothesize that these suggested approaches will improve
the detection of fluorescent dyes in the presence of a strong and hetero-
geneous autofluorescent algal signal andwill also allow for the simulta-
neous detection of microalgae samples stained with a combination of
fluorescent dyes.

2. Materials and methods

2.1. Cell culture

E. huxleyi strains CCMP3266 (calcified) and CCMP2090 (non-calci-
fied) were obtained from the National Center for Marine Algae and Mi-
crobiota (Bigelow Laboratory for Ocean Sciences, East Boothbay, ME,
USA). Algae were cultivated in L1-Si medium which is based on L1 me-
dium [22]without the addition of Na2SiO3. Cultivationwas conducted in
a Percival incubator at 18 °Cwith a light intensity of 150 μmoles/m2/s at
a 12/12 L/D cycle. Algae were subcultured once in three weeks and
grown in the fresh medium 10–21 days prior to the experiments. Cells
were harvested and used for measurements during the logarithmic
phase of growth. If not specified further, the initial algal density was 10-
6 cell mL−1. To obtain a sufficient amount of dead cells in the sample,
cells were boiled at 99 °C for 60 min. Each boiled sample had a corre-
sponding non-boiled control, and both were analyzed by flow cytome-
try and imaging cytometry. The efficiency of staining was also tested
on natural samples collected from freshwater pond in the suburban

Boston area (MA, USA) (algal density used in experiments between
105 and 106 cell mL−1).

2.2. Nucleic acid dyes

All solutions andmediawere prepared inMilliQwater (MilliQ Direct
Systems, EMD Millipore-Merck, Darmstadt, Germany) and all used re-
agents were of analytical grades. Nucleic acid dyes from the SYTOX fam-
ily (SB, SG, SO) are cyanine dyes that penetrate cells with disrupted
membranes and bind to nucleic acids (DNA and RNA). Being
impermeant to viable cells with intact membranes they are used as
dead-cell stains and have different excitation and emission maxima
(SB Ex-Max/Em-Max: 444/480 nm; SG Ex-Max/Em-Max: 504/523 nm;
SO Ex-Max/Em-Max: 547/570 nm).

A 1 mL solution of 1 mM SB stain (Life Technologies, Carlsbad, USA)
was purchased and stored in the dark at−20 °C. To determine the op-
timal staining time (incubation time) of SB, a time kinetics experiment
was performed using 3 μM of SB with time points at 5, 15, 30 and
60 min from staining.

To investigate the effect of dye concentration on cell staining, SB
concentrations equivalent to 0.3 μM, 0.5 μM, 1 μM, 2 μM, 3 μM and
10 μM amounts were used. The same concentrations were used from
1 mL solution of 30 μM SG stain (Life Technologies, Carlsbad, USA) cor-
responding to 0.01 μM, 0.015 μM, 0.03 μM, 0.06 μM, 0.1 μM, 0.3 μM. Sim-
ilarly, a 1 mL of 250 μM SO (Life Technologies, Carlsbad, USA) stain was
titrated to 0.075 μM, 0.125 μM, 0.25 μM, 0.5 μM, 0.75 μM and 2.5 μM.
Algal cultures and environmental samples were stained directly with-
out precedingwashing steps. Incubation time for the three SYTOX stains
was approximately 15 min at room temperature.

2.3. Lipophilic dyes

Lipophilic dyes including BODIPY 493/503 dye (Life Technologies,
Carlsbad, USA), dialkylcarbocyanine dyes (Dil); DilC18(3) and (DiO);
DiOC18(3), and dialkylaminostyryl dye (DiA) from lipophilic tracer kit
(Life Technologies, Carlsbad, USA) were used for lipid content charac-
terization of algal samples. BODIPY 493/503 is a nonpolar dye that pene-
trates cell membranes and stains neutral lipids. Dil and DiA are
lipophilic tracers that emit orange fluorescence (565 and 590 nm, re-
spectively), whereas DiO emits green fluorescence (501 nm) once in-
corporated into the membranes.

10 mg of BODIPY 493/503 dye was purchased and diluted in
dimethylsulfoxide (DMSO) to make up a 10 mM stock solution, which
was stored in the dark at−4 °C. The stock solutionwas used for staining
with dye amounts of 5 μM, 10 μM, and 20 μM. The highest concentration
showed the best results and was chosen for staining in the subsequent
multi-staining experiments. 1 mM stock solutions of Dil, DiO and DiA
were made with DMSO and stored in the dark at −4 °C. 10 μM of the
stock solution was used for staining with the dyes. Algal cultures and
environmental samples were stained directly without preceding wash-
ing steps and incubated for 30 min at room temperature prior to
analysis.

2.4. Flow cytometry analysis

Flow cytometry analysis was performed using a special order 5-laser
SORP FACSAria equipped with a combination of 355, 405, 488, 640, and
593 nm lasers (BD Biosciences (San Jose, CA, USA)). Daily calibration of
the flow cytometer was performed using 6.0 μ Alignflow beads for the
blue laser (Life Technologies, Carlsbad, USA) and 6-peaks 3.0 μ Rainbow
calibration particles (Spherotech, Lake Forest, USA). SB fluorescence
was excited by the 405 nm violet laser and collected using the 450/
50 nmoptical filter. A 488 nm laserwas used to excite SG and SO nucleic
acid dyes, BODIPY 493/503 and Dil/DiA lipophilic dyes. Corresponding
fluorescence signals were collected using the following bandpass filters:
530/30 nm (SG), 575/25 nm (SO), 517/30 (BODIPY 493/503) and 575/25
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