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ABSTRACT

The use of flow cytometry to investigate phytoplankton functional groups is rapidly expanding worldwide, using lab- or ship-
based instruments or autonomous environmental monitoring platforms. Automation, coupled with greater autonomy, allows for
higher spatial and temporal resolution of phytoplankton groups, enhancing understanding of their dynamics and patterns, gen-
erating large datasets. The level of resolution is determined by both instrumental capabilities and optimization of its acquisition
settings. Sharing these datasets with the scientific community, whether to improve global phytoplankton distribution resolu-
tion or facilitate the intercomparison of environmental indicators among monitoring laboratories, strongly relies on quality-
controlled instruments and standardized data acquisition and analysis. This article focuses on CytoSense-type (CytoBuoy, NL)
flow cytometers, which operate by recording the optical pulse shapes of particles as they pass through a laser beam. Different
configurations such as laser wavelength and power, sheath fluid management, sample inlet design, and dataset output format
were not considered, in order to focus on optimization and protocol standardization to resolve the whole phytoplankton size
spectrum, from the smallest autofluorescing prokaryotes to colonies and chain-forming species. In this study, coincidence, PMT
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voltage, trigger threshold optimization, and regular quality control procedures are considered and discussed, using datasets from
three types of instruments and two contrasted marine coastal waters as case studies. The primary goal of this study is to establish
a framework to guide and support the exploration and application of this type of flow cytometer, ultimately achieving a reliable

and optimal resolution for sample acquisition of natural waters.

1 | Introduction

Historically, flow cytometers have been developed for biomed-
ical applications [1]. Planktonic microorganisms, as particles
suspended in a fluid, are well-suited for single-cell analysis by
high-throughput flow cytometry and for this reason the earli-
est and most well-known application of flow cytometry within
aquatic sciences has been the investigation of phytoplankton
([2, 3]). Since then, flow cytometry has spread worldwide and
has led to remarkable new insights into aquatic ecosystems such
as the discovery of the importance of the picophytoplankton
(<2-3um). This technique is ideal to address phytoplankton
patchiness [4-8], functional diversity [9, 10], and cell cycle dy-
namics [11, 12]. Benchtop flow cytometers have been installed
aboard scientific vessels, but their effectiveness has often de-
pended on the availability of operators to collect and acquire
discrete measurements. In response to the scientific commu-
nity's need to better resolve the spatial and temporal distribu-
tion of marine microorganisms, advancements in technology,
electronics, and informatics have led to the development of
more compact and robust instruments, enabling autonomous
field deployments. Most of them are suited to remote opera-
tions and are routinely used during sampling cruises either in
a semi-continuous way by analyzing pumped sea water, or sub-
merged, sampling the surrounding water. Several instruments
have been commercialized, one can cite the CytoSense [13],
the FlowCytoBot [12, 14], and the SeaFlow [15, 16]. As a con-
sequence, flow cytometry data have become a core parameter
in most oceanographic investigations and are increasingly used
for time-series on moorings and buoys. CytoSense-type instru-
ments (including the CytoSub, CytoBuoy NL) have been used
in marine research for over 20years. Their advantage lies in the
ability to resolve a wide size range, enabled by a large analyzed
sample volume and a broad inlet, and to record complete opti-
cal pulse shapes for each particle, all integrated with an in-flow
imaging system. Applications of such flow cytometers are nu-
merous: spatio-temporal monitoring of natural communities for
time series [17-20], surface submesoscale distribution [21-24],
detection of Harmful Algae Bloom (HAB; [25]) and dynamics
[26], trait analysis [9, 27], effects of particle transport and dust
deposition [28, 29] as well as pollutants [30].

The successful discrimination of aquatic planktonic microor-
ganisms by flow cytometry stems from a solid understanding
of phytoplankton physiology, flow cytometry principles and the
ability to maximize the instruments’ resolution capabilities. The
smallest photosynthetic group is commonly assigned taxonomi-
cally to Prochlorococcus [31]. In contrast, heterotrophic prokary-
otes, which are of a similar size, require prior staining with a
fluorescent dye targeting a cellular component, most often nu-
cleic acids. Proper calibration and parameter tuning can ensure
the sensitivity needed to accurately quantify such small organ-
isms and their dynamics in an aquatic ecosystem.

As such, protocol standardization and best practices are essential
to ensure proper instrument set up and operation, required to opti-
mize its use in any natural aquatic environment. To date, flow cy-
tometry best practices have primarily been developed for staining
cells or particles under controlled laboratory conditions for med-
ical research, focusing on optimizing setups and controls [32], or
more specifically, for use in plant studies [33]. Recommendations
for applying flow cytometry to natural water microorganisms have
been suggested [34-37], leading to the establishment of a common
vocabulary to describe the main groups observed in marine waters
[38] and improved strategies for data management [39].

However, comprehensive recommendations and straightforward
best practices to optimize settings and apply strategic quality
controls to ensure reliable datasets have yet to be established for
specific instruments such as in our case, CytoSense-type instru-
ments, an operational pulse shape-recording flow cytometer.
This study aims to provide guidelines for optimal data collection
of natural phytoplankton communities both for the user's own
objectives and for enhanced intercomparability. Instead of pro-
viding exact settings, it shares concepts, offers recommendations
and guidance and raises potential issues during analysis.

2 | Experimental Context

2.1 | Samples Origin and General Technical
Considerations

This study incorporated experiments designed to establish
procedures using two types of CytoSense flow cytometers,
analyzing separately samples from two contrasted areas, the
Mediterranean Sea and the Eastern English Channel. A third
instrument was also included in this study to illustrate a section
on regular bead analysis for instrument monitoring. Instrument
specifications are provided in Table 1.

CytoSense instruments were operated using the dedicated
CytoUSB software, while data analysis was performed with
CytoClus 5. All instruments included an image-in-flow device.

To perform instrument tests on CytoSense instrument CS-
2015-68, samples were collected at the SSL@MM (Sea Water
Sensing Laboratory @ MIO Marseille, Mediterranean Institute
of Oceanology; 43.2805°N, 5.3492°W) station and at the
SOMLIT point (43.2417°N, 5.29167°E) in the Bay of Marseille
(France) coastal zone. This area is defined as oligotrophic, with
relatively low nutrient concentrations [40] and low phytoplank-
ton abundance, dominated by small-sized and low fluorescing
cells, mostly picoplankton [41, 42].

To perform instrument tests on CytoSense instrument CS-
2019-93, samples were collected along a nearshore-offshore
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TABLE1 | Specifications of the instruments used for the study.

Instrument reference and

Laser (wavelength

location Year of construction and power) Channels (wavelength)
CS-2015-68 2015 488 nm-120 mW « FWS (left and right)
Marseille, France « SWS (488 nm)
« FLO (552-652nm)
« FLR (>652nm)
CS-2019-93 2019 488 nm-60 mW « FWS (left and right)
Wimereux, France « SWS (488 nm)

CS-2019-97 2019
Helsinki, Finland and
Travemiinde, Germany

FLY (536-601 nm)
FLO (604-664nm)
FLR (688-726 nm)

FWS (left and right)
SWS (488 nm)

FLG (502-538 nm)
FLY (553-577nm)
FLO (604-644nm)
FLR (668-726 nm)

Laser 1: 488 nm-120 mW
Laser 2: 596 nm-60 mW

transect (DYPHYRAD, [18, 43]) by the strait of Pas de Calais,
close to the LOG (Laboratoire d'Océanologie et de Géoscience,
Wimereux, France). The Eastern English Channel coastal
area is meso- to eutrophic, with variable salinity values as re-
lated to river flows (Seine, Somme, Authie, Canche, Liane,
Wimereux, Slack) forming a coastal stream, drifting northeast
[44]. Phytoplankton is dominated by pico- and nano-sized cells
[18, 21, 27] with a recurrent spring bloom of Phaeocystis glo-
bosa [45-47]. No Prochlorococcus are found in this area [48].
A third flow cytometer was used, CS-2019-97 (operated by the
Finnish Environment Institute, Syke), which was deployed on
a commercial ferry (M/S Finnmaid) between Helsinki, Finland
and Travemiinde, Germany. This instrument ran regular two-
sized bead analysis and was used as practical examples of data
acquisition.

2.2 | Common Vocabulary and Group Definition

In this study, phytoplankton cells analyzed by flow cytometry
were grouped based on their optical similarities according to the
vocabulary proposed by Thyssen et al. [38]. “Non-phytoplankton
events” were defined based on the Total FWS bead signal of 1 um
silica beads, rendering two differentiated classes:

+ “events larger than 1 um beads” (mostly large detrital parti-
cles or small predators like ciliates, or decaying phytoplank-
ton cells that have lost their pigments),

+ “events smaller than 1 um beads” (e.g., non-fluorescing het-
erotrophic prokaryotes, particulate matter, noise, or decay-
ing cells).

Both events set a baseline from which the auto-fluorescing par-
ticles have to be separated.

The “events larger than 1um beads” density partly depends
on the studied environment and the abundance of non-auto-
fluorescing suspended particles. “Events smaller than 1um

beads” were identified by analyzing the sheath fluid alone as
a blank. Their occurrence increased when analyzing a natural
sample, due to additional optical scattering from the core and
non-auto-fluorescing particles. Prochlorococcus cells were of
particular interest in this study, and adjusting instrument ac-
quisition parameters (PMT voltage and trigger threshold) could
improve resolution and separation over “non-phytoplankton
events” signature. Most of these different groups are illustrated
in Figure S1.

3 | Best Practices
3.1 | Maintenance Protocols and Quality Control

Prior to experimentation, maintenance and quality control
procedures were conducted on the instruments. Technical
procedures, such as laser and core alignment, tubing replace-
ment, and filter replacement, were carried out according to the
manufacturer's instructions and are not detailed in this manu-
script. Similarly, this study does not address sampling methods,
long-term deployments strategies or data analysis. Only fresh,
unstained, and unstored natural samples were used to develop
these Best Practices.

3.1.1 | Bead Protocols and Recommendations for Signal
Stability Verification

Fluorescent polystyrene or non-fluorescing silica beads of var-
ious sizes should be routinely used. Ideally, they are included
in each sample or before and after each measurement series to
assess the stability of the laser power output and instrument's
fluorescence and scattering detection over time.

An illustration of a stability check on instrument CS-2019-97 is
presented in Figure 1. Beads were analyzed at regular time inter-
vals, as the instrument was set up on a ferry, between March and
October 2024. For this specific case, beads of two different sizes
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FIGURE1 | Boxplots of the 1um (blue) and 3um (green) polystyrene bead distributions, regularly analyzed with instrument CS-2019-97 from
March to October 2024 during a ferry deployment between Helsinki (Finland) and Travemiinde (Germany): (a) Total Green Fluorescence (a.u.) and
(b) Total Forward Scatter (a.u.) distribution. Each boxplot corresponds to one acquisition. [Color figure can be viewed at wileyonlinelibrary.com]

were used in the automated bead dispenser (a filled syringe with
a magnetic homogenization system) of the instrument: 1um
Thermofisher FluoSpheres Carboxylate-Modified Microspheres
and 3pum Biolegend Rainbow Fluorescent Particles, 1 peak
(3.0-3.4pum) - Bright Intensity. The solutions were prepared as
follows: a suspension solution of MilliQ water with 0.01% NP-40
surfactant (Thermo Scientific NP-40 Detergent Surfact-Amps
Solution) and 250 ppm of Proclin950 (Proclin Sigma-Aldrich).
The bead stock solutions were resuspended and 5 drops of the
1um beads and 10 drops of the 3um beads were added into
10mL of suspension solution. For other commercial solutions
available, this proportion must be adjusted according to the re-
spective starting concentration.

In this example, the green fluorescence threshold used for trig-
gering the acquisition was set to 80 mV (FLG 80), and the acqui-
sition time was 1.5min at a sample speed of 1.08 uLs™.

Figure 1 displays a relatively stable distribution of the Total FLG
(a.u.) and Total FWS (a.u.) for the two sizes of beads. The ratios
between the medians of the two sizes showed stability in be-
tween the beads. In this example, two dates are missing for the
3um beads, as users ran out of stock solution during automated
bead dispenser refilling.

Changes in beads optical values may result from factors such
as laser mis-alignment or reduced power (e.g., lower excitation),
mechanical shock, air bubbles stacked in the injector, gradual
displacement of any part of the injector or the optics, or issues
with the bead solution itself. They may also indicate a shift in
sheath fluid flow rates, which could alter bead velocity and, con-
sequently, the excitation time in the laser beam and the duration
of data collection.

Significant changes observed in the optical values of the beads
highlight the need to check optics (laser alignment, laser power)
and the position of the flow core (following manufacturer

instructions). Normalizing phytoplankton optical values to
those of the beads corrects for minor optical shifts caused by
the hardware.

Therefore, including beads in every analyzed sample is strongly
recommended and can now be accomplished using the auto-
mated bead injection feature available in the most recent instru-
ments. Running out of the stock solution during long term or
remote deployments may occur, and the recommendation can
be reduced by adjusting bead injection to one measurement per
day depending on deployment length. As beads are stored in a
syringe inside the instrument, a concentrated solution should be
used in 0.2um filtered fresh water supplemented with biocide
(such as Proclin Sigma-Aldrich, 0.03% to 0.1% recommended
by the manufacturer) as well as a surfactant (in our example
NP-40), to minimize bead aggregation and adhesion to the sy-
ringe walls.

Finally, beads stored in an automated dispenser or a plastic tube
are not suitable for counting validation due to sedimentation,
aggregation, and electrostatic interactions between the beads
and the container. A suited protocol addressing counting vali-
dation considerations, such as electrostatic charge of the bead
solution has been suggested by Marie et al. [49].

3.1.2 | Sample Pump Calibration

Calibrating the sample pump is essential for controlling the pre-
cise sample volume taken by the flow cytometer during analysis
and obtaining reliable cell abundance measurements. Weighing
a liquid with known density or obtaining the exact volume of a
water aliquot can be performed manually by determining the
mass of a 1 mL subsample. The exact volume analyzed can then
be calculated. This is done by weighing the sample before and
after a defined pumping period and comparing the result with
the theoretical volume expected (pump speed measurement

4
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time). If no precision scale is available at the sampling site/ves-
sel, measuring a pumped volume can also be done using a pre-
cise syringe filled with a known volume. These checks should be
performed regularly (e.g., before an experiment or survey). If the
result is inaccurate compared to the expected pumped volume,
calibration via CytoUSB is recommended.

3.1.3 | Instrument Cleaning and Biofouling Limitation

The sheath fluid should have a salinity similar to that of the
analyzed sample to prevent shifts in refractive index, which can
alter the trajectory of photons scattered or emitted by the par-
ticles as they pass through the sheath and sample core to reach
the photodetectors. In the case of a recycled sheath fluid such
as found in the CytoSense, a biocide such as Proclin (Sigma-
Aldrich, 0.03% to 0.1% recommended by the manufacturer)
should be added to prevent any biological development in the
tubing, fluidics and flow cell. When possible, regular sheath
fluid changes are recommended, even during high-frequency
continuous measurements. Before storing an instrument for
more than a week without usage, if the sheath fluid is com-
posed of filtered seawater, it must be changed to ultrapure or
deionized water as evaporation generates salt crystals clogging
the tubing.

Complying with the manufacturer’s instructions, the sheath
tubing can be checked for contamination and eventually re-
placed. The same holds true for the filters installed in a sheath
self-cleaning loop, when a slow but constant increase in pres-
sure (monitored and displayed continuously on the software)
is observed during acquisition. In case of high and unexpected
scattering signals, the quartz flow cell may require cleaning fol-
lowing the manufacturer's recommendation.

3.2 | Acquisition Settings Optimization: Counting
and Resolving the Full Phytoplankton Size Range

3.2.1 | Maximal Counting Rate — Coincidence Risk

Coincidence occurs when two or more events cross the laser
beam at the same time or too closely to be discriminated sepa-
rately and are therefore counted as a single event [35]. Increasing
the event rate also increases the probability of coincidence. At
high rates, events may occur too close together to be distin-
guished, either due to overlap or the limited processing speed
of the electronics defined as the dead time of the instrument [1].
For accurate particle count, cells must be properly separated
from each other to be intercepted by the laser individually, by
keeping a sufficient distance between them. Coincidence risks
are increased when a sample is highly concentrated (e.g., bloom
event, cultures, turbid water) and with large particle length (e.g.,
many filamentous particles), or increasing flow rate.

Coincidence phenomenon was tested on CS-2015-68 by run-
ning dilution experiments with bead solutions. Samples were
analyzed in 3 mL and dilution factors of the initial concen-
tration ranged from 100% to 5%. The stock solution consisted
of two drops of industrial bead solution (2.0um Fluoresbrite
Polychromatic Red Microspheres, PolySciences) diluted in 40

mL of filtered seawater (0.2um). Please note that such experi-
ment will temporarily leave beads in the instrument's tubing.

Bead concentrations were then extracted from the data files
using CytoClus 5 software as a function of the various dilu-
tion factors. Theoretical concentrations, correcting for the ex-
perimental dilution factor, were calculated from the lowest
measured abundance as the bead's initial concentration was
unknown. The difference was calculated as a percentage (%) be-
tween the actual and expected counts.

Bead solutions of different concentrations were run for three
minutes at three different sample flow rates of 3, 5, and 10 uLs ™.
Illustrating the measured event rate as a function of the theo-
retical event rate highlights the difference between them
(Figure 2a,b,c). For instrument CS-2015-68, a 10% difference oc-
curs at ~3,300 eventss™! for the 3uLs™! flow rate and at ~3,100
eventss~! for the 5uLs™. The event rate at 10 uLs~ is inconclu-
sive, as the 10% difference appears from the very first data point,
indicating insufficient precision. Newer instruments (series CS
> 85) have improved hardware and software, and dead time may
have shortened. For instance, CS-2019-93 did not evidence any
difference between expected and counted beads at 5000 events
s~ at a flow rate of 5uLs™! (data not shown).

Using the CytoUSB software, it is possible to include in the sam-
pling protocol an automatic flow rate adjustment. This feature
offers a practical solution for remote sampling scenarios, where
manual sample dilution or trigger level adjustments are not fea-
sible. If an acquisition starts to be affected by a high level of co-
incidence, even after automatic adjustment of the sample pump,
and results in a sample volume of only a few hundred microliters
or less for picoplankton, the sample may be flagged as being of
poor quality. No consensus exists in the literature regarding a
minimum acceptable acquisition volume, as counting will be
limited by its value rather than the acquired volume.

However, in natural waters, the cell abundance required to
reach coincidence, as demonstrated for CS-2015-68 in Figure 2,
is of approximately 10° cells mL~! (based on 3300 eventss~! over
300s at a flow rate of 3uLs™"). Such abundances are rarely en-
countered in natural environments, suggesting that adjusting
the sample pump speed is generally unnecessary. If coincidence
is observed, it is more likely due to high levels of chromophoric
dissolved organic matter, contamination increasing “non-
phytoplankton events”, or excessive scattering due to optical
misalignment.

3.2.2 | Detection Settings: Examples From Natural
Seawater Experiments

Optimizing phytoplankton detection via flow cytometry in-
volves both detecting the signal and separating it from “non-
phytoplankton events”, especially from “events smaller than
1um beads” [50]. Signal detection depends on the trigger thresh-
old, which defines when the instrument begins recording an
event. Detection sensitivity, or the ability to separate dim flu-
orescing cells from “non-phytoplankton events”, is in part in-
fluenced by the type of PMT and the voltage applied to them.
To simplify operations, as PMTs can be individually adjusted,
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FIGURE2 | Measured versus theoretical event rates of 2 um red fluorescence beads (10° events s™!) during a dilution experiment at three different
sample flow rates: (a) 3uLs™, (b) 5SuLs™!, and (c) 10uLs™! (CS-2015-68). The gray dotted line is the 1:1 expected relationship surrounded by the 10%
difference. The numbers next to each data point correspond to the percent difference of the theoretical event rate from the measured event rate per

dilution (%). [Color figure can be viewed at wileyonlinelibrary.com]

CytoBuoy provides three PMT presets in CytoUSB: “Low”,
“Medium”, and “High”.

This section aims to establish the ideal measurement settings,
combining trigger threshold and PMT voltage, ensuring accurate
detection of all potentially targeted phytoplankton communi-
ties, particularly the smallest and/or dimmest in fluorescence. It
is indeed essential to consider the size range of the targeted cells
and the challenge associated with accommodating both ends
of the spectrum when describing a phytoplankton community.
Groups of small, dimly fluorescent cells, such as Synechococcus
or Prochlorococcus (hereafter, OraPicoProk and RedPicoProk),
may be missed or only partially recorded if the trigger threshold
of the dedicated detector or the PMT voltage are not appropri-
ately set. Despite optimizing PMT voltage and trigger levels, it
can still be difficult to accurately count RedPicoProk. As such,
Jiao et al. [51] evidenced a variation in red fluorescence on a 10-
fold range for RedPicoProk cells, making them undetectable, or
causing overlap with “non-phytoplankton events”, particularly
in surface waters exposed to daylight. Finally, optimization of
the instrument does not necessarily mean analyzing the whole
size spectrum, but rather that the instrument has reached its
maximal performance capacities.

3.2.2.1 | Trigger Threshold Optimization. Whether pro-
tocols are triggering on red fluorescence (FLR, a.u.), sideward
scatter (SWS, a.u.), a combination of both (smart triggering),
or any other emitted light, a compromise must be found between
lowering trigger levels and maintaining signal above the instru-
ment's “non-phytoplankton events” signature threshold (all
while avoiding coincidence).

When targeting natural phytoplankton communities from
unstained samples, it is recommended to begin optimiz-
ing the trigger threshold on fluorescence channels, starting
with red fluorescence induced by chlorophyll a, followed by
SWS, related to size and structure (granularity) of the parti-
cles. However, using SWS can generate files filled with non-
targeted particles, hiding the sought signal of phytoplankton,
or generating data-heavy files (longer processing time). Initial
trigger threshold optimization was performed with PMTs set
to “Medium”.

3.2.2.1.1 | Step 1: Sheath Fluid Signal - Blank Refer-
ence. Identifying the sheath fluid signal in both fluores-
cence and scatter is essential for estimating the boundary
of “non-phytoplankton events”, as the sheath fluid signature
serves as reference. It will mainly concern “events smaller than
1 umbeads” as the sheath isrecycled through 0.1 down to 0.05 um
filters. To determine the lowest limits of the instrument's trigger
threshold, an acquisition is conducted running only the sheath
fluid used during the analysis. When the sheath fluid, the sam-
ple pump tubing, and the overall fluidics and cuvette are clean,
it is easier to determine the lowest trigger level as it reduces
“non-phytoplankton events”. To run a blank measurement
and find the blank reference settings, the sample pump is manu-
ally stopped by changing the speed to 0.0 uLs™%. As such, there is
no sample core in the flow cell. Trigger thresholds can be modi-
fied in real-time by enabling a change of settings during acquisi-
tion (“Enable” function in Instrument Control tab in CytoUSB)
to highlight “non-phytoplankton events”. This range of tested
trigger thresholds on the sheath fluid is required to have a pre-
liminary idea on the set of thresholds to test on natural samples.
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TABLE 2 | Analyzed volume (mL) and abundance (cellsmL™") of the smallest phytoplankton group and event rate (eventss™) illustrated on
Figure 3, depending on different trigger level for the two instruments (CS-2015-68 and CS-2019-93).

Abundance
Trigger Analyzed (cellsmL™) Event rate
Instrument level (mV) volume (mL) PFG mean+SDn=3 (eventss™!)
CS-2015-68 FLR 5 0.014 OraPicoProk Not estimated 28609 +2704
RedPicoProk Not estimated
CS-2015-68 FLR 6 0.405 OraPicoProk 4020£277 136 +16
RedPicoProk 7630+ 651
CS-2015-68 FLR7 0.448 OraPicoProk 4011+192 42+4
RedPicoProk 5485+ 536
CS-2015-68 FLR 8 0.447 OraPicoProk 3348 £74.7 30+0.58
RedPicoProk 3137+97.4
CS-2019-93 FLR1 0.531 OraPicoProk 9633+136 3781+ 36
CS-2019-93 FLR 1.25 0.543 OraPicoProk 9458 +55.4 527 +3.45
CS-2019-93 FLR 1.5 0.544 OraPicoProk 9399+152 99+2.75
CS-2019-93 FLR 2 0.543 OraPicoProk 9564 +128.4 63+1.04

Note: Analyzed samples are from the Bay of Marseille for the first instrument and the coastal French waters of the Eastern English Channel Sea for the second one,
generating different abundances for the same PFG. RedPicoProk are not expected in study area of instrument CS-2019-93.

The following experiment was conducted on CS-2015-68, using
surface water collected at the SSL@MM point. Samples were
selected to ensure the presence of RedPicoProk, such as after
an upwelling [41]. A series of blanks were performed using a
range between FLR 5 and 8mV as a threshold, with PMTs on
the “Medium” preset. “Non-phytoplankton events” generated
when the sheath flows without a sample, as baseline of the in-
strument, were only observed for FLR 5mV (Figure S2a) and
6mV (Figure S2b); no events were recorded above the latter trig-
ger threshold.

The resulting event rates at the FLR 5mV trigger level reaches
10* events s~! (Figure S2), exceeding the value when coincidence
starts to affect counting by 10%, while it was 50 eventss™" at the
FLR 6mV trigger level. Optimized trigger exploration should
be considered in parallel to coincidence. Conversely, no events
were detected at FLR 7 and 8 mV. This suggests that FLR 6 mV
was likely the most appropriate trigger level using PMT set to
“Medium”, the following experiments have confirmed this ini-
tial hypothesis.

3.2.2.1.2 | Step 2: Determining the Lowest FLR Trig-
ger Threshold in a Natural Sample. Analyzing a natural
sample generates additional “non-phytoplankton events”, first
because of the intercept between the laser and the sample core,
and because the signatures of non-fluorescing particles emitted
by their scattering still end up with unwanted signals in fluores-
cence on PMTs. The signature of these events must be included
in the selection of the trigger threshold.

In this study, measurements were performed for each tested
trigger level for 3min at a pump speed of 3uLs™!. This experi-
ment was conducted on two of the three described instruments
(Table 1), each on natural seawater collected in the coastal area
of its laboratory of origin. Data files were then processed using
the CytoClus software, and particles were manually classified

into phytoplankton and non-phytoplankton groups (as de-
scribed in Section 2.2).

Concerning CS-2015-68 and following blank measurements
presented in the previous section, trigger levels around the
range previously tested were run: FLR 5,6, 7, 8,9, 11 and 12mV.
Trigger values above 7mV were run for illustration purposes, as
the blank measurements indicate the expected optimal trigger
threshold above 5 and below 7mV. Increasing the red fluores-
cence trigger threshold allows the “non-phytoplankton events”
signature to gradually decrease, while minimizing their impact
on the event rate, until the counts of smaller and dimmer parti-
cles (i.e RedPicoProk and OraPicoProk) are maximal (Table 2)
and best distinguished from the “non-phytoplankton events”
(Figure 3).

In this case study, based on natural samples collected at the
SSL@MM, the smallest and dimmest fluorescing cells belong-
ing to the RedPicoProk are highlighted (in magenta, Figure 3),
and best visualized on the Max SWS versus Max FLR cyto-
gram. Triggering on FLR 7mV removes much of the “non-
phytoplankton events” within “events smaller than 1 um beads”.
However, it does not record the signal of all the smallest cells,
particularly RedPicoProk, which shows a significant decrease
in abundance (Table 2). Conversely, if the trigger threshold is
too low (FLR <5mV in our example), it produces an event rate
exceeding the 10% difference caused by coincidence in this in-
strument, with few to no target phytoplankton cells counted, as
shown in Table 2.

On older instruments, such as the one used for trigger optimi-
zation (CS-2015-68), if there are too many particles, leading to
coincidence and computing limits, the analyzed volume will
be significantly lower than the pumped volume. However,
when using more recent ones, such as CS-2019-93, comput-
ing limits are reduced, PMT electronic noise levels are <1mV,
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FIGURE 3 | Different trigger thresholds on a natural sample from the Bay of Marseille analyzed with instrument CS-2015-68, illustrated using
Max FLR versus Max SWS cytograms. (a) FLR 5mV, (b) FLR 6mV, (c) FLR 7mV, (d) FLR 8 mV under PMT preset to “Medium”. Limit of 1 um has
been set on the Total FWS signal of 1 um Silica beads (not shown), explaining the overlap among “non-phytoplankton events” groups. Measurement
conditions (pump speed and measurement time) are identical between each tested trigger level. Groups are identified based on the recommended

standard vocabulary and list of groups described in Section 2.2. [Color figure can be viewed at wileyonlinelibrary.com]

and analyzed volume (and thus cell abundance) is more stable
as shown in Table 2. Illustration of the events can be found in
Figure S3.

Concerning CS-2019-93, coincidence was not observed for event
rates up to 5000 events™! (data not shown), trigger threshold
between 1, 1.25, 1.5 and 2mV generated the same counts for
the OraPicoProk group while having an event rate decreasing
from 3780 to 63 eventss~! (Table 2). As no RedPicoProk are ex-
pected in the English Channel Sea, all four triggers are suitable
(Figure S3). However, to optimally record the dimmest particles
from this instrument, a higher event rate increases both the
noise-to-signal ratio and the coincidence probability, making
FLR 1.25mV a balanced compromise.

3.2.2.1.3 | Step 3: Determining the Lowest SWS Trig-
ger Threshold. Scatter is used for size conversion with a set
of beads of known size as a reference, but it may also benefit from
images collected simultaneously from targeted cells ([17, 52-54]).
Triggering on the SWS ensures the recording of the entire pulse
shape, which may not be the case when triggering on FLR,
especially for large particles. If the trigger for data acquisition
is set on FLR, the instrument will begin data acquisition for all
the optical parameters only when the red fluorescence reaches
the threshold level. If the pigments are not evenly spread
in the cells, the light scattered by the area of the cell without
chlorophyll will not be recorded. If SWS or FWS pulse shapes
are not fully recorded, the length estimates of larger particles,
based on their time of flight from the start of recording, will be

affected. Example of images recorded simultaneously with their
pulse shapes in samples collected at the SSL@MM station, trig-
gered either on FLR or on SWS using the CS-2015-68, are illus-
trated on Figure 4.

Figure 4a,b demonstrates the discrepancy between the estimated
size on a picture taken when triggering on the FLR, reaching ap-
proximately (a) 180um (Figure 4a) and 90um (Figure 4b); and
the signal length of the pulse shape, approximately (a) 60um
(Figure 4a) and 50um (Figure 4b). On the other hand, the pulse
shape length recorded while triggering on SWS is similar to the size
measured in the picture (Figure 4c). However, this should not affect
particles smaller than 10pum as morphological features are scarce
and cells are mostly round shaped and filled homogeneously with
chloroplasts, meaning the FWS and SWS pulse shapes are superim-
posed on the fluorescence pulse shapes. When implementing a pro-
tocol that triggers on SWS, it is still a prerequisite to first establish
the lower limits for a FLR trigger before optimizing the SWS trigger
threshold. This step ensures that small and dim communities are
not overlooked, particularly in unknown environments.

Independently from the trigger source (FLR or SWS) or thresh-
old, large particles with high pigment content will produce trun-
cated optical pulse shapes, as they reach the maximum capacity
of PMT conversion, as illustrated in Figure 5. Therefore, using
the area under the curve to measure a particle's total signal can
underestimate the contribution of larger cells, such as microphy-
toplankton, when converting pulse shapes into size and pigment
content. Additionally, large cells may not align with the flow or
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FIGURE 4 | Effect of triggering on FLR (FLR 25mV, a and b) and triggering on SWS (SWS 150mV, ¢) demonstrating the discrepancy between
the size estimated from images and that from pulse shapes (example collected on the CS-2015-68). PMT voltage was set to “Medium”. In the case of

chain-forming cells, the entire chain is treated as a single particle and appears as a single point on a 2D cytogram. Only pulse shapes and images allow

the signals of individual cells within the chain to be distinguished. [Color figure can be viewed at wileyonlinelibrary.com|
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FIGURES5 | Effecton the pulse shape of a diatom when PMT satura-
tion by red photons generates a plateau at around 3300 mV (CS-2015-68).
Trigger level was set to FLR 25mV and PMT voltage to “Medium”.
[Color figure can be viewed at wileyonlinelibrary.com]

may show morphological complex features, generating pulse
shapes that are not related to size.

3.2.2.2 | PMT Voltage Optimization. In the previous sec-
tion, the trigger thresholds on FLR or SWS channels were opti-
mized to detect the dimmest fluorescing cells, using a fixed PMT
voltage preset to “Medium”.

Increasing the PMT voltage enhances the gain, improving the
separation between dimly fluorescing or scattering particles and
“non-phytoplankton events”, up to a certain point depending on
the type of PMT. However, raising the PMT voltage while main-
taining the previously optimized low trigger threshold results in
increased “non-phytoplankton event” signal. Therefore, if PMT

voltages are modified after setting the trigger threshold, the trig-
ger optimization process must be repeated.

Samples for this experiment were collected at 50m depth at the
SOMLIT station, to ensure the presence of highly fluorescing
RedPicoProk. Measurements were acquired for each tested trig-
ger level and PMT settings for three minutes at a pump speed of
3uLs7L. Data files were then processed using CytoClus 5 soft-
ware, and particles were manually classified into phytoplank-
ton and non-phytoplankton groups (as described in Section 2.2).
Range of trigger levels were based on the findings of the previous
section. For PMT preset to “Medium”, trigger levels were run on a
range from FLR 5 to 8 mV. For PMT preset to “Low”, trigger levels
were run on a range from FLR 3-8 mV. For PMT preset to “High”,
trigger levels were run on a range from FLR 5 to 12 mV.

While maintaining low coincidence, results indicate that max-
imal estimated abundances of the RedPicoProk group are col-
lected at PMT “Medium” - trigger threshold FLR 6 mV and at
PMT “High” - trigger threshold FLR 9mV (Figure S4). Indeed,
abundances were respectively 39,890 and 39,610cells mL™.
The other settings either removed the baseline corresponding
to “non-phytoplankton events”, or were above the coincidence
level of 10% difference with expected counts. Some trigger levels
are not shown in Figure S4, because the corresponding acqui-
sition resulted in empty files due to high event rates (i.e., PMT
“Low”, and FLR trigger thresholds 3 and 4 mV and PMT “High”
- FLR trigger thresholds 5, 6, 7mV).

When applying multiple protocols to a single sample, it is rec-
ommended to maintain consistent PMT levels across runs to
facilitate data comparison and ensure consistent analytical out-
comes. In the case of using combined protocols with different
trigger thresholds to resolve the entire community, changing
PMT gains between them will change the fluorescence or scat-
ter references. This will change the position of similar groups

Cytometry Part A, 2025

85UB017 SUOWILIOD 3A R0 3|qedtjdde 8y} Aq pausenob a1e Saplife YO ‘8sN JO Sa|nJ 0 A%iq 1T BUIUQ A8|IM UO (SUORIPUOD-pUR-SWR}LI0D" A3 |IM ARl [oulUO//SdNY) SUORIPUOD PUe SLWLB L 8U388S *[G202/TT/S0] U0 A%eiqI BUIiUO AB|IM ‘80Ul L1000 AQ 1961728 03A0/200T OT/10pALI00 A3 | Im Afeiq i foul|uoy/sdny Wiy papeojumod ‘0 ‘0£6v2SST


https://onlinelibrary.wiley.com
https://onlinelibrary.wiley.com

on cytograms and may complicate group recognition in between
acquisition protocols and automated classification methods [53].

4 | Discussion

The goal of best practices on data acquisition is to generate
easily interoperable data between users despite the diversity of
CytoSense-type flow cytometers and their configurations, as
used in aquatic microbiology. It leads to a better assessment of
trends and patterns in microbial ecology on broader temporal
and spatial scales. After establishing a recommended standard-
ized vocabulary [38], it is essential to share and apply standard-
ized common protocols to reach the optimal flow cytometer
configuration for accurately characterizing phytoplankton pop-
ulations, functional traits and cell properties. These are essential
to consistently determine flow cytometric plankton functional
groups (PFG) and build training sets for automated analy-
sis [53]. Ultimately, they contribute to building new databases
following the FAIRness principle (Findability, Accessibility,
Interoperability, and Reuse of digital assets) required for reliable
environmental policy and management [55].

4.1 | Configuring Optimal Settings

When analyzing a sample to characterize phytoplankton, “non-
phytoplankton events” consist of a mix of optical and electronic
noise and non-targeted particles, ranging from submicron to
several hundreds of micrometers (e.g., viruses, grazers or de-
tritus). “Non-phytoplankton events” should not affect the ac-
curate collection of phytoplankton cells in terms of resolution
and counting. From a blank measurement, “events smaller than
1um beads” that are not phytoplankton were extracted but did
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not give the full baseline of events generated by the sample core
and non-fluorescing particles. Additional “non-phytoplankton
events”, such as signal from non-autofluorescing particles (de-
tritus, heterotrophic cells, viruses) or the scatter between the
sheath and the sample core, can only be identified when analyz-
ing a natural sample. Larger “non-phytoplankton events”, such
as grazers and large detritus usually bear signatures much lower
in FLR compared to phytoplankton groups.

This baseline of “non-phytoplankton events” can represent a sig-
nificant proportion of the total acquisition (Figure 6), but will af-
fect phytoplankton counts if coincidence increases, this was the
case for FLR 5mV (Figure 6a) and FLR 1mV (Figure 6b), with
PMTs set to “Medium”. Conversely, this baseline should not be
completely eliminated to ensure that the smallest/dimmest groups
are not truncated. In our case, FLR 7mV shows a higher propor-
tion of phytoplankton events relative to the total, but fails to accu-
rately resolve smaller/dimmer phytoplankton groups (Figure 6a).

As such, in this study, RedPicoProk cells, probably belonging to
Prochlorococcus, overlap with the submicron “non-phytoplankton
events”. Cytograms from Figure 3 highlight the importance of low-
ering trigger levels but also acquiring a certain amount of “events
smaller than 1um beads” to adequately capture the smallest and
dimmest auto-fluorescing groups in the samples. They also show
the possibility of confusing “non-phytoplankton events” signals
with live organisms. Up to a certain point, adjusting the PMT volt-
age can improve signal separation, though the extent of improve-
ment depends on the type of PMTs and the laser power.

Assuch,a125mW-488 nmisagood compromise for RedPicoProk
resolution, but setting PMTs to “High” may generate consider-
able noise. This may not occur as drastically with a 60 mW laser.
However, a 60 mW laser power would not be efficient to resolve
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FIGURE 6 | Proportion of phytoplankton cells (black) compared to “non-phytoplankton events”, more precisely, the “events smaller than 1 um
beads” (grey) depending on different trigger levels (mV) with PMT preset to “Medium” for instruments (a) CS-2015-68 and (b) CS-2019-93. Missing
values correspond to “non-phytoplankton events” more specifically “events larger than 1 um beads”.

10

Cytometry Part A, 2025

85UB017 SUOWILIOD 3A R0 3|qedtjdde 8y} Aq pausenob a1e Saplife YO ‘8sN JO Sa|nJ 0 A%iq 1T BUIUQ A8|IM UO (SUORIPUOD-pUR-SWR}LI0D" A3 |IM ARl [oulUO//SdNY) SUORIPUOD PUe SLWLB L 8U388S *[G202/TT/S0] U0 A%eiqI BUIiUO AB|IM ‘80Ul L1000 AQ 1961728 03A0/200T OT/10pALI00 A3 | Im Afeiq i foul|uoy/sdny Wiy papeojumod ‘0 ‘0£6v2SST



the RedPicoProk group. Concerning PMT voltage optimization
on CS-2015-68, similar abundances for RedPicoProk cells were
evidenced between PMT “Medium” - trigger FLR 6mV and PMT
“High” - trigger FLR 9mV (Figure S4). However, “High” PMT
voltage combined with a high-power laser accelerates the satu-
ration of the pulse shapes, reducing the resolution of the maxi-
mum values of the signal. This is visible on Figure S4k,l, where
RedNano and RedMicro cells are positioned on an upper left
corner of the cytogram. In this case, it would thus be recom-
mended to opt for “Medium” PMT voltage over “High”, to limit
saturation. At PMT “Low” trigger FLR 4 mV, computational lim-
its may have been reached by the noise, resulting in empty files.
At FLR5mV, RedPicoProk cells seem to be underestimated, as
the highest abundances for PMT “Low” is approximately 3 times
lower compared to PMT “Medium” and “High”. This likely re-
flects the system operating at the edge of FLR trigger sensitivity
and PMT detection capabilities, as OraPicoProk counts are sim-
ilar to PMT “Medium”, FLR trigger 6 mV.

In areas where the smallest cells are OraPicoProk, the optimiza-
tion procedure should be the same, e.g., a compromise between
event rate of non-targeted particles and resolution of phyto-
plankton. For instance, instrument CS-2019-93 which has im-
proved in computing speed compared to CS-2015-68, accurately
counts OraPicoProk while increasing “non-phytoplankton
events”. The baseline did not change in between trigger FLR 1
and 1.25mV, but signal over noise changed from less than 1%
to ~10% (Figure 6b), suggesting the 1.25mV value to optimize
counting of phytoplankton cells while limiting coincidence.

4.2 | Additional Considerations

4.2.1 | Acquisition Protocols for Optimal Community
Resolution: Integrating Small, Abundant Groups With
Large, Rare Ones

Flow cytometers such as the CytoSense can run larger vol-
umes than conventional flow cytometers (up to several mL). A
compromise is therefore necessary to handle the wide range of
optical characteristics - from small, dim but abundant picophy-
toplankton to the large, highly fluorescent, but scarce microphy-
toplankton [18, 22, 26, 56].

To address this, one approach is to run two distinct protocols
per sample, one dedicated to very abundant picophytoplankton,
with a low analyzed volume (0.3-1 mL, depending on the avail-
able time and volume), using the lowest optimal trigger thresh-
old on FLR. This first protocol will be the same as the optimized
protocol from Section 3.2.2. Another protocol can be set, ded-
icated to less abundant nanophytoplankton and microphyto-
plankton with increased trigger threshold, to filter out the small
cells and increase the volume acquired (5-10 mL depending on
available time and volume). In the latter, an additional SWS trig-
ger can be used to record pulse shapes in their entirety and ob-
tain an accurate particle length estimation. This second protocol
uses the picophytoplankton groups identified in the first proto-
col as reference to define the trigger threshold. Running one ac-
quisition aiming to resolve the full size-classes can be done if
the instrument's computer can manage data-heavy files [17, 57].

4.2.2 | Instrument Temperature

Field-deployed automated instruments experience wide
temperature fluctuations, impacting cytometer function
by altering sheath/sample viscosity and potentially affect-
ing electronics [13]. During a May 2015 deployment on RV
Simon Stevin in the North Sea, instrument CS-2013-51 over-
heated [58]. Calibration beads (3.0 um Cyto-Cal 488 nm, Duke
Scientific) tracked laser stability, revealing changes in optical
intensities with rising sheath, PMT, and laser temperatures
(18°C-35°C; data not shown). Regular bead analysis showed
increasing system temperature resulted in reduced red, yellow
and orange maximum fluorescence [58]. Though unreplicated,
this study strongly recommends using temperature-controlled
rooms when possible (below 25°C) or correcting pulse shape
biases in data analysis.

4.2.3 | Using Beads for Stability Monitoring and Optical
Unit Normalization

Using two sizes of fluorescing beads for instrument monitoring
is recommended to avoid creating a bias in case one of the bead
solutions starts to decay. Furthermore, to convert fluorescence
into pigment units by comparing it with in vivo chlorophyll a
[54, 59, 60] or size [17], phytoplankton groups need to be normal-
ized to one of the two sets of beads, depending on their size. A set
of beads of different sizes and fluorescence has to be analyzed
after any realignment or changes in optical settings, in addition
to the stability as described in a previous section.

5 | Conclusion

Given the need for global datasets [61], interoperability must be
a central focus in aquatic flow cytometry. The presented best
practices aim to optimize acquisitions by determining the limits
of CytoSense instruments, producing cytograms that are easy to
analyze and ensuring interoperable datasets.

Optimizing the trigger threshold and the PMT voltage is an in-
teractive process. To determine the best settings, the signature
of “non-phytoplankton events” should be used as a reference
line. Combined with the event rate and the highest estimated
abundances, optimal configurations can be assessed. However,
an optimized instrument does not necessarily measure all the
targeted particles nor prevent from over-counting due to over-
lapping dim fluorescing cells with “non-phytoplankton events”;
rather, it indicates that the user has determined the instrument'’s
optimal conditions for measurement. Keeping in mind the afore-
mentioned best practices, this article provides a summary of rec-
ommendations in Table S1.

This work was based on the consultation of a consortium of
automated and benchtop flow cytometry experts to collect,
gather and experiment the main considerations when using
CytoSense-type instruments in aquatic environments. This was
most notably conducted in the preparation and execution of the
EuroMarine TT - Cyto workshop in June 2024, for which the
presentations are publicly available [62-66].
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Supporting Information

Additional supportinginformation can be found online in the Supporting
Information section. Data S1: MIFlowCyt Item Checklist. Figure
S1: Manually defined phytoplankton groups and “non-phytoplankton
events” groups (larger or smaller than 1um beads, using 1um silica
beads, not illustrated): (a) Total FLR versus Total FWS cytogram, (b)
Total FLR versus Total FLO cytogram and (c) Max SWS versus Max FLR
cytogram. Trigger level was set to FLR 6 mV. The sample was collected
in the Bay of Marseille, at the SSL@MM station, and analyzed on instru-
ment CS-2015-68. The separation of events larger and smaller than 1 um
silica beads is based on Total FWS (not shown), which explains the over-
lap in Max SWS between the two “non-phytoplankton events” groups.
Groups are identified based on the recommended standard vocabulary
and list of groups described in Section 2.2. Missing here are OraNano,
HsNano, RedMicro, OraMicro, OraPico, RedRedPico, RedRedNano.
These groups may be resolved analyzing larger volumes or in specific
areas, or with an additional red laser. A detailed description of them
can be found in [38]. Figure S2: Blank measurements correspond to
acquisition files collected with the sample pump stopped, meaning the
observed signal reflects a combination of the sheath fluid signature,
electronic noise and some optical pollution. Two low trigger levels are
illustrated to show the effects of lowering the trigger threshold on the
increase of “non-phytoplankton events”: (a) CS-2015-68 running sheath
fluid only with a trigger threshold set to FLR 5mV and PMT voltage to
“Medium”, generating an event rate of around 10,000 events s~!; and (b)
trigger threshold set to FLR 6 mV with similar PMT settings, generating
an event rate below 50 eventss~!. The test was performed using salted
sheath fluid with instrument CS-2015-68. Figure S3: Different trigger
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thresholds on a natural sample from coastal waters off Boulogne-sur-
Mer (Eastern English Channel) analyzed with instrument CS-2019-93.
Trigger level (in mV) and event rate (event s!) are superimposed (av-
erage value during acquisition) (a) FLR 1mV (b) FLR 1.25mV (c) FLR
1.5mV (d) FLR 2mV. The separation of events larger and smaller than
1um silica beads is based on Total FWS (not shown), which explains
the overlap in Max SWS between the two “non-phytoplankton events”
groups. Measurement conditions (pump speed and measurement time)
are identical between each tested trigger level. Groups are identified
based on the recommended standard vocabulary and list of groups de-
scribed in Section 2.2. Figure S4: Example of natural sea water acqui-
sition using instrument CS-2015-68, changing PMT voltage and trigger
thresholds. The three PMT presets (“Low”, “Medium”, “High”) were
combined with trigger thresholds on a natural sample collected at 50m
depth at the SOMLIT station in the Bay of Marseille, analyzed 1h after
collection at the SSL@MM. Table S1: Recommendations and best prac-
tices for CytoSense-type (CytoBuoy, NL) flow cytometers.
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