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Abstract :

At high latitudes, the polar night poses a great challenge to photosynthetic organisms that must survive
up to six months without light. Numerous studies have already shed light on the physiological changes
involved in the acclimation of microalgae to prolonged darkness and subsequent re-illumination. However,
these studies have never considered inter-individual variability because they have mainly been conducted
with bulk measurements. On the other hand, such long periods are likely to impact within-population
selection processes. In this study, we hypothesized that distinct subpopulations with specific traits may
emerge during acclimation of a population of diatoms to darkness. We addressed this hypothesis using
flow cytometry, which allow to individually characterize large numbers of cells. The ecologically dominant
polar pennate diatom Fragilariopsis cylindrus was subjected to three dark acclimation experiments of one,
three, and five months duration, during which all cultures showed signs of recovery once light became
available again. Our results suggest that darkness survival of F. cylindrus relies on reduction of metabolic
activity and consumption of carbon reserves. In addition, flow cytometry allowed us to record three
different causes of death, each shared by significant numbers of individuals. The first rendered cells
unable to survive the stress caused by the return to light, probably due to a lack of sufficient
photoprotective defenses. The other two were observed in two subpopulations of cells whose
physiological state deviated from the original population. The data suggest that starvation and failure to
maintain dormancy were the cause of cell mortality in these two subpopulations.
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INTRODUCTION

Rapid and strong abiotic environmental variations occurring in marine polar ecosystems pose a great
challenge to microorganisms. At high latitudes, primary production (PP) is mainly generated by
diatoms that often dominate blooms below the ice pack and in the water column when the snow and
ice start to melt during spring (Von Quillfeldt 2000, Sakshaug 2004, Poulin et al. 2011). These cells
typically experience an extreme light cycle over the year due to the high latitudes at the poles:
summer is marked by a continuous light period of up to several months, while winter is characterized
by an equally long dark period known as the polar night (up to six months; see Karsten et al. 2012,
Cohen et al. 2020). In addition, light availability is drastically influenced by the dynamics of snow
and sea ice, among other abiotic factors (e.g., Mundy et al. 2014). In this context, one essential
question that remains unsolved is how diatoms, which spend extended periods deprived of any light
source, manage to survive and start to proliferate again the following year.

Surviving without being able to perform photosynthesis means firstly being able to maintain
metabolism via a durable alternative energy source. The alternative energy source could be
intracellular or extracellular (dissolved organic carbon present in the surrounding environment). It has
been proposed that diatoms could rely on three different strategies to survive darkness. The first is the
consumption of cellular carbon reserves existing mainly as triacylglycerides (neutral lipids; NL) and
chrysolaminarin (carbohydrates; Darley 1977, Biersmith and Benner 1998, Hu et al. 2008, Villanova
et al. 2017). In addition, functional biomass (i.e., proteins, nucleic acids and structural lipids) was also
observed to be consumed in the dark (Handa 1969, Anderson 1976, Schaub et al. 2017). The second
strategy is the formation of resistant/dormant cells, the two forms known for diatoms being resting
spores (or resting cysts) and resting cells (see McQuoid and Hobson 1996). Both are characterized by
a reorganization of cytoplasmic material (Sicko-Goad et al. 1986, 1989, Pitcher 1990, du Preez et
Bite 1992), the function of which is yet to be understood, but spores differ from resting cells by the
presence of thicker frustules, and sometimes the addition of siliceous spines on its surface (Pitcher
1990, Sugie et al. 2010). While spores have already been reported during darkness acclimation
(Smayda and Mitchell-Innes 1974), they are mostly observed during nutrient stresses (see McQuoid
and Hobson 1996), unlike resting cells (Anderson 1976, Palmisano and Sullivan 1983, Sicko-Goad et
al. 1989, du Preez and Bite 1992). The third and last strategy is the use of secondary heterotrophy.
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Although diatoms are generally considered as obligate autotrophic organisms, it has long been known
that some species can assimilate certain sources of organic carbon present in the surrounding
environment (Lewin 1953, Hellbust and Lewin, 1977, Zhang et al. 1998). Bowler et al. (2008), in
sequencing the genome of Phaeodactylum tricornutum, found that the complex evolutionary history
of diatoms has resulted in them retaining some genes from a heterotrophic ancestor, and has also been
punctuated by lateral transfers of bacterial genes that enable diatoms with heterotrophic potential.
Traller et al. (2016) sequenced the nuclear genome of Cyclotella cryptica, a diatom capable of
heterotrophic growth (see Pahl et al. 2010 and references therein) and revealed the presence of a wide
range of sugar transporters. In 2017, Villanova et al. also showed in a light-grown strain of P.
tricornutum that the addition of a dissolved organic carbon (DOC) source could drastically affect the
management of its carbon metabolism, both at the physiological and molecular levels. In particular,
the addition of glycerol to the culture medium led to an increase in the storage and consumption of
lipids (TAG reserves in particular) and carbohydrates. More recently, studies have been conducted to
improve industrial production processes of molecules of interest by using a DOC source such as
glycerol to induce mixotrophic growth in diatom cultures (see Yang and Wei 2020 and references
therein). These studies suggest that heterotrophy may, in addition to supporting basal metabolism in
the dark, increase survival potential based on mobilization of reserves when they are built up prior to
the complete disappearance of light.

Although some diatoms may actively grow on external sources of DOC, the very low cell
concentrations observed in water and ice during the polar winter (Horner and Schrader 1982) suggest
that most species do not possess a strong enough heterotrophic potential, or that the availability of
DOC is not high enough to support significant growth. All of the three strategies mentioned above are
likely accompanied by a cessation of growth as well as a significant slowing of metabolism. This
would decrease the rate of consumption of available resources and increase survival time.

To be able to resume normal activity when light returns, it is necessary for cells to have been
able to maintain the integrity of essential functions during darkness. Photosynthesis is obviously one
of them. Preparation for resumption of growth therefore involves maintaining a viable photosynthetic
apparatus as well as the ability to survive light stress. Various studies have shown that the chl a and

ribulose-1,5-biphosphate carboxylase/oxygenase content of diatoms only decreases slightly during a
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period of prolonged darkness (Peters and Thomas 1996, Lacour et al. 2019). The same is true for
diadinoxanthin and diatoxanthin contents (Lacour et al. 2019, Morin et al. 2019), which are
responsible for generating a strong non-photochemical quenching (NPQ) during light stress (Lavaud
et al. 2002). In addition to the maintenance of NPQ in darkness, other reported mechanisms that may
help diatoms to successfully recover from long periods of darkness include the management of
reactive oxygen species generated during reillumination, partial restructuring of PSII that can be
rapidly reversed when light returns, maintenance of active ATP synthase mediated by
chlororespiration, and possible alternative electron sinks to limit photodamage (Lacour et al. 2019 and
references therein). Finally, it should be noted that cellular recovery likely has an energy cost that
must be met by the resources available at the end of the dark period to rebuild what was
lost/compromised during darkness (Peters and Thomas 1996).

While long term dark survival of polar (and temperate) microalgae has already been
extensively studied (see Wulff et al. 2008 for review; Kamp et al. 2011, nitrate respiration in dark and
anoxic conditions; Kennedy et al. 2019, respiration of lipids, carbohydrates and proteins; Kvernvik et
al. 2018, maintenance of the activity of the photosynthetic machinery; Lacour et al. 2019, influence of
light intensity on recovery after darkness and photosynthesis management; Martin et al. 2012 and
Reeves et al. 2011, influence of temperature on dark survival and photosynthesis capacity; Morin et
al. 2019, photosynthesis management; Schaub et al. 2017, influence of temperature on carbohydrate
and lipid consumption; Veuger and Oevelen 2011, pigment degradation; Walter et al. 2017, influence
of short light periods during darkness on survival), the mechanisms triggering each of these strategies
as well as their relative importance remain however unclear. Studies are typically based on a rather
narrow set of key physiological parameters (e.g., pigmentation, growth rate, cell size), and most, if not
all, previous studies, with the exception of Naik and Anil (2018) which deals with Tetraselmis indica
(chlorophyte) survival in darkness, have based their approach on classical physiological techniques
used to obtain bulk values of measured properties, rather than single-cell properties. This can greatly
limit the ability to understand survival strategies in the dark. Indeed, previous studies only provide
access to the mean values of the parameters studied, whereas any change in growth conditions could

trigger a spectrum of responses and physiological states within a population. The inability to take this
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inter-individual variability into account can significantly affect interpretation of the data, especially if
part of the population loses viability during the treatment.

Here, we use single-cell data obtained by flow cytometry (FCM), combined with more
conventional physiological methods, to better assess the different fates of a polar diatom during long
term dark acclimation (DA) and subsequent re-illumination. FCM systems offer the advantage of
being able to rapidly analyze a large number of cells (i.e., hundreds per second). They also benefit
from the availability of numerous off-the-shelf fluorescent dyes that allow diverse physiological
analyses to be performed, such as cell viability, cell cycle progression, apoptosis occurrence, reactive
oxygen species detection, membrane potential, etc.

In this study, three long term acclimation experiments to total darkness of one, three, and five months
were carried out on axenic batch cultures of the polar pennate diatom Fragilariopsis cylindrus. Each
dark treatment was followed by up to three weeks re-acclimation to light. FCM measurements
allowed us to follow the survival of F. cylindrus during each of these treatments and permitted us to
identify different subpopulations during darkness. They were distinct from the initial population and

experienced different fates following the return to light.

MATERIALS AND METHODS

Biological material

The experiments were conducted on a monoclonal axenic strain of Fragilariopsis cylindrus isolated
from the strain CMMP1102 (National Center for Marine Algae and Microbiota, Bigelow, USA). This
psychrophilic microalga is one of the dominant species regularly recorded at the poles, both within ice
and in subsequent planktonic blooms (Kang and Fryxell 1992, Gleitz and Thomas 1993, Von
Quilfeldt 2000).

Culture system and experimental planning
Before the experiments, Fragilariopsis cylindrus was cultivated in semi-continuous stable conditions
in different vessels of incremental volumes that allowed to reach sufficient biomass required for the

experiments (see details in Table S1 in the Supporting Information). For each of the three
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experiments, triplicates of cultures were cultivated in 80 L glass cylinders (diameter: 30 cm, height:
140 cm) that were placed in a cold room (0°C). Fragilariopsis cylindrus was grown in artificial
seawater enriched with Aquil medium (Price et al. 1989). The culture medium was filtered
successively on two polypropylene felt filter bags of 0.1 pum and 1 pm (Cole parmer, CAT# OF-
01516-04 and CAT# OF-01516-20) and two pleated filter cartridges of 0.2 um (GE Memtrex MP E
filter, MMP921AAE-E; Cole parmer, FV- 06479-60) before it was sterilized with a UV lamp (Q30IL,
Aquamerik, Saint-Nicolas, Quebec, Canada). Cultures were kept homogeneous through agitation with
a magnetic stirrer. Temperature was maintained at 0 + 1°C for the whole duration of the experiments.
The cultures were bubbled with air successively filtered through a carbon filter (Carbon Cap 75,
Whatman®) and an integral venting 0.2 um filters (PolyVENT 500, Whatman®) to avoid limitation
in dissolved inorganic carbon and dissolved oxygen. After a minimum of two weeks acclimation at 30
pumol photons - m? - s7! in semi-continuous cultivation, triplicates of cultures growing exponentially
were transferred to total darkness after they reached a cell concentration close to 1.0 x 10 cells - mL-
I. The cultures were submitted to DA of either one month (29 d), three months (88 d), or five months
(145 d). At the end of each DA phase, cultures were re-exposed to the initial light conditions to follow
the recovery of growth (return to light = RL). Experiments were terminated either three weeks after
RL, or when the growth began to be nutrient-limited, whichever came first. The sampling frequency
was high after the two light shifts and was progressively reduced as cell physiology stabilized over
time (see Studied Parameters section). Overall, at least two samplings were conducted per week.

The lighting system consisted of a cardboard cylinder adapted to the shape of the cylindrical
tanks. On the inside, evenly spaced LEDs generated cold white light that passed consecutively
through five filters: a non-polarizing diffuser filter, three gelatin-colored filters (LEE filters, ref 138,
007, 137) and a 30%-transmittance neutral filter. The light spectrum can be found in Figure S1 in the
Supporting Information. Ventilation systems were installed at the basis of the cylinders to evacuate
the heat generated by the light system.

In acclimation experiments, control cultures are often monitored in parallel with cultures
subjected to the treatment being studied to ensure that the observed responses are solely due to the
treatment. For long periods of time such as those tested in this study (i.e., one to five months), cells

exposed to constant light in a closed system would continue to grow until they quickly become
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limited by one or more nutrients. Therefore, the cultures would not only be compared based on the
light conditions to which they are exposed, but also based on their different nutrient status. Another
option would have been to regularly dilute cultures exposed to constant light with fresh media to
maintain exponential cell growth (semi-continuous system). But this would also imply a difference in
nutritional status. In addition, dilutions are known to sometimes temporarily disrupt the physiology of

microalgae. Therefore, the control cultures in this study were considered inappropriate.

Studied parameters

Flow cytometry

Cell concentration and proxies for cell size, chlorophyll a (chl a) and neutral lipid contents (NL),
viability, axenicity and DNA fluorescence were measured at least two times a week (see details in
Table S2 in the Supporting Information) using a flow cytometer (Guava® easyCyteTM BGV HT,
Millipore-Merck KGaA, Darmstadt, Germany, catalog No. 0500-4030) equipped with a blue laser
(488 nm, 150 mW) for excitation of chl a and the different molecular probes. Fluorescence emissions
were measured with red (695/50 nm) and green (512/18 nm) filters, for chl a and the different dyes,
respectively. This implies that double staining with different dies could not be made. The stability of
the cytometer readings was checked regularly by addition of calibration microbeads to every sample
(Fluoresbrite® Polychromatic Red Microspheres 2.0 um, catalog No. 19508-2, Polysciences Inc,
Warrington, PA, USA). Prior to each measurement, dye solutions of various molecular probes and
suspensions (see details below) containing calibration microbeads were prepared with salted filtered
Milli-Q® water (S = 40; purification system Thermo Scientific Barnstead Nanopure). The dye
working solutions were thawed at room temperature and a few microliters of each solution were
transferred in a 2 mL Eppendorf microtube® safe lock containing water (see details below). The dye
solutions were then cooled in ice prior to cell inoculation. The samples were prepared in flat bottom
clear sterile 96-well microplates (ref: 655161, Greiner Bio-One International, Austria) placed on ice.
The dye solutions were distributed in the microplates before 40 to 125 uL of culture were added to
reach a cell concentration between 3.0 and 4.0 x 10° cells - mL-"in 250 puL of sample. The samples
were mixed gently with a pipette a first time after cell inoculation, and a second time before the

analysis. All the staining protocols were performed in darkness. Prior to each series of measurements,
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the dye solutions were used as blanks and also served to check the cleanliness of the cytometer. Each
measurement was performed in triplicate for each of the biological replicate (i.e., three cultures for
each DA treatment) and a minimum of 5,000 events were counted. For contaminant detection we used
SYBR Green (see protocol below), and 20,000 events were counted in order to increase the
probability of detecting any contamination, but only one replicate was performed for each culture due
to time constraints (see Fig. S2 for examples of cytograms from each of the four sample types
described below). Data were analyzed with the Guava InCyte™ Software (version 3.1).

All equipment was either UV-sterilized or autoclaved prior to use, and sample handling was

conducted under a laminar flow hood when necessary.

Cell concentration, cell size and chlorophyll a
Cell concentration, forward scattering (FSC, cell size proxy) and red fluorescence naturally emitted

by chl a excited with blue light, were assessed without the addition of any dye.

Neutral lipids

To estimate the NL cell content, BODIPY® 505/515 (4,4-Difluoro-1,3,5,7-Tetramethyl-4-Bora-3a,4a-
Diaza-s-Indacene; ThermoFisher, catalog No: D3921) was used. This type of BODIPY is a membrane
permeant that can bind to NL. Upon binding NL, it emits a green fluorescence (em. 500/510 nm)
when excited with blue light (max. ex. 488 nm). Some studies have shown that BODIPY® 505/515
has a particularly good affinity for cytoplasmic lipid droplets that mainly contains triacylglycerides
(Rumin et al. 2015 and references therein). Measurement of BODIPY fluorescence thus allowed a
semi-quantitative estimation of NL since the intensity of fluorescence is correlated with the amount of
stained reserve lipids. The BODIPY commercial solution was dissolved in 99% anhydrous dimethyl
sulfoxide (DMSO) in order to produce a stock solution of 500 uM. We used the final concentration
determined as optimal by Morin (2017) whose Master’s degree also focused on the survival of
Fragilariopsis cylindrus in extended darkness. Working solutions of 1.5 mL were prepared by
dissolving the stock solution 20-fold in 99% DMSO in 2 mL Eppendorf tubes® (final concentration
25.4 uM), and stored in darkness at -20°C. During the analysis, the volume of BODIPY working

solution added into the dye solution was adjusted to reach a final concentration of 0.33 uM and 1.32%
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DMSO once mixed in the culture sample. Samples were stained during one hour in a styrofoam box

filled with ice.

Viability

Within a highly concentrated culture, there is no simple way of knowing how many cells are either
alive, dying, or already dead. Different proxies of viability are thus routinely utilized, including
membrane permeability and enzymatic activity, sometimes combined together, in order to obtain
more accurate results (Olsen et al. 2016). Because it was expected that metabolism would be
dramatically diminished during long periods of DA, we decided to monitor viability by checking the
membrane permeability of cells with SYTOX™ Green Nucleic Acid Stain - 5 mM Solution in DMSO
(ThermoFisher, catalog No: S7020) (Peperzack and Brussaard 2011). When the cytoplasmic
membrane is damaged and has lost its integrity, SYTOX Green can penetrate the cells and bind to the
DNA. The latter then emits a green fluorescence (504/523 nm) when excited with blue light (max. ex.
588 nm), that allows to distinguish dead/dying cells from the viable ones. Viability is then expressed
as the percentage of non-stained cells. The efficiency of the protocol was verified with mixtures of
healthy and heat-treated cultures. Surprisingly, the protocol worked much better at room temperature
(22°C). Keeping cells at high temperatures (i.e., compared to culture conditions) during the staining
did not introduce a bias by affecting the viability of the samples. SYTOX Green working solutions
were prepared by diluting the commercial solution one hundred-fold in 35% DMSO in Milli-Q water
and were stored in the dark at -20°C. During the analysis, the volume of SYTOX Green working
solution added to the dye solution was adjusted to reach a final concentration of 1 uM once mixed in

the culture sample. Samples were stained for one hour at room temperature.

Axenicity control and DNA fluorescence

We monitored for possible bacterial contamination of cultures with SYBR™ Green I Nucleic Acid
Gel Stain - 10,000X concentrate in DMSO (ThermoFisher, catalog No: S7563). SYBR Green is
membrane permeant and stains nucleic acids once it has entered the bacterial (or microalgal) cells
(with the following preferential affinity: double stranded DNA >> single stranded DNA > RNA).

Once bound, it emits a green fluorescence (max. em. 520) when excited with blue light (max. ex. 497
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nm). This dye allows detection of organisms (usually bacteria) that may be mingled with the noise if
they are too small or not characterized by any auto-fluorescence emission. SYBR Green working
solutions were prepared by diluting the commercial solution one hundred-fold in 35% DMSO in
Milli-Q water and stored in darkness at -20°C. During the experiments, the volume of SYBR Green
working solution added to the dye solution was adjusted to reach a final concentration of 2X once

mixed in the culture sample. Samples were stained for one hour in a styrofoam box filled with ice.

Measurement of other physiological parameters
The sampling frequency of the following parameters was the same as for FCM analysis (see details in

Table S2 in the Supporting Information).

Cell concentration and cell size

Cell concentration and cell size (in pm) were also estimated in triplicates with a Beckman Multisizer
4e Coulter Counter (Beckam Coulter, Indianapolis, IN, USA) equipped with a 50 uM aperture tube.
The culture aliquots were diluted in salted Milli-Q water (S = 36) 40 or 80 times depending on the cell
concentration. The Coulter Counter was calibrated using 10 um latex beads (COULTER CC Size
Standard L.10, REF: 6602796, Beckman Coulter).

Particulate carbon

Twenty milliliters of culture were filtered onto precombusted (450°C for 4 h) glass-fiber filters
(Cytiva® GF/F, 25mm, 0.7 um nominal porosity) before they were dried and kept desiccated until
analysis. The cell carbon quota was estimated in triplicate with a CHN analyzer (2400 Series II

CHNS/O; Perkin Elmer, Norwalk, CT, USA).

Pigment content

One aliquot of 10 mL was sampled for each culture and filtered on glass-fiber GF/F filters (0.7 um,

25 mm, Whatman®) for pigment analysis. The filters, conserved in 2 mL polypropylene cryovials
(internal thread cap), were flash frozen in liquid nitrogen and stored at -80°C. Chlorophylls @ and c, -

carotenes, zeaxanthin, antheraxanthin, violaxanthin, fucoxanthin, diadinoxanthin and diatoxanthin
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contents per cell were estimated by high performance liquid chromatography (HPLC) according to
Ras et al. (2008) using a Zorbax Eclipse XDB-Cg 3.5um column (Agilent Technologies, Santa Clara,
CA, USA).

Statistical methods

Statistical tests were conducted on R v. 3.6.2 (R Core Team 2021). In the following paragraph,
packages to which functions belong are only mentioned if the functions are not included in the base-R
package stats v. 3.6.2 (R Core Team 2019). Shapiro-Wilk test (function Shapiro.test()) showed that
the data compared with statistical tests were not following a normal distribution. Significance of the
differences between data collected at different time points was tested with a paired Wilcoxon’s test
(function wilcox.test()). When different populations of cells of a same CMF sample were compared,
unpaired Wilcoxon’s test was used. When time series of a parameter for different cell populations
were compared, the test was applied to the values of the time point for which the average difference
between populations was smallest. One-sided alternative hypotheses were mentioned when used. To
test the significance of correlations between parameters, Spearman’s correlation coefficient (p) were
calculated with the associated p-value (function cor.test(method = “spearman’)). The stationary
character of time series have been tested with Kwiatkowski-Phillips-Schmidt-Shin test (kpss.test()
from the package tseries v. 0.10-48; Trapletti and Hornik, 2020). Multimodality of cell size
distributions was tested with Hartigans' Dip Test (function dip.test() of the package diptest v. 0.76-0;
Maechler 2021). To test the significance of differences between treatments (i.e., DA length) a
Kruskal-Wallis test was applied (function kruskal.test()). The significance level was set at 5% (o =
0.05).

RESULTS

Influence of DA length and re-illumination on cell survival and recovery

In each of the three treatments the Fragilariopsis cylindrus cultures survived darkness and, following
re-illumination, we were able to detect an increase in cell volume (data not shown) and concentration

(see Table 1). The latency time prior to cell division increased with the darkness phase duration (p-
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value < 0.02), as already observed in previous studies (Peters 1996, Peters and Thomas 1996, Karsten
et al. 2012, Naik and Anil 2018; see Table 1).

In darkness, cell viability decreased significantly in the 1 and 5-month DA treatments
according to statistical tests (p-values: 0.004, 0.9, 0.002 for 1, 3 and 5 months, respectively, with
viability at TO “greater” than viability at day 87 of DA) but was only important in the latter. In the 5-
month DA, the decrease began around day 30 and tended to accelerate exponentially over time (see
Fig. S3 in the Supporting Information). Viability did not decrease significantly during the 3-month
DA treatment. The proportion of cells dying during RL also increased with DA length, to the extent
that the FCM data from the 5-month DA treatment were often too noisy due to large amounts of
dead/dying cells. On the other hand, the one-month DA treatment was too short to see changes in cell
populations that were observed over the course of the other experiments (3- and 5-month DA). We

therefore chose to focus on the results of the 3-month DA treatment.

Carbon consumption

Overall, the NL content and carbon quota appeared to decrease continuously during DA (Fig. 1). The
steeper decrease observed for these two parameters between the beginning of DA and day 3 results in
part from some cells still dividing early in DA (see below). Indeed, when not normalized by cell
concentration, the DOC data do not follow a significantly different trend during the first few days
than the rest of the DA (data not shown, trend KPPS test p-value > 0.1).

Cells experience different fates

Cytometry data showed that two subpopulations, respectively named P2 and P3, that did not exist at
the beginning of the darkness period, emerged from the initial population (P1) over time during DA
(Fig. 2). P2 was characterized by its lower red fluorescence (chlorophyll) and FSC (size proxy)
values, whereas P3 displayed a higher green fluorescence upon staining with SYBR Green. This

section focuses mainly on what characterizes and distinguish P1, P2 and P3.

P1: Cells that survived darkness
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Between the beginning and the 6™ day, cell concentration increased by 14.1 + 9.2%, indicating that
some cells continued to divide (Fig. 3; p-value < 0.005, with average cell concentration “greater” at
TO). Nymark et al. (2013, and references therein) have previously reported that Phaeodactylum
tricornutum cells complete an ongoing cell cycle when placed in the dark. Morin et al. (2019) and
Lacour et al. (2019) made the same observation with Fragilariopsis cylindrus and Chaetoceros
neogracilis, respectively. The total cell concentration then remained stable until the end of DA but
after 30 d in the dark, the abundance of P1 cells began slowly to decrease while P2 and P3
populations began to emerge (Fig. 3).

Average FSC and chlorophyll fluorescence of the P1 population slowly decreased during DA,
and then increased during the first 24 h of RL before they stabilized between 3 and 5 d post re-
illumination (Fig. 4).

SYBR Green allows to stain and detect DNA. It was originally used to detect the possible
presence of contaminating organisms, but because the DNA staining of Fragilariopsis cylindrus
changed unexpectedly during the experiment, and followed an intriguing pattern (Fig. 5), we decided
to include it in the analysis. The average green fluorescence of P1 decreased from 20,000 to less than
8,000 counts during the first 24 h of darkness. It then decreased at a lower rate before stabilizing at
around 3,000 counts at around day 23 of DA. Afterward, it did not change significantly until RL
(level KPSS test p-value = 0.08), when it began to increase and reached values similar to the initial
ones after a few days (Fig. 5).

Note that because the different fluorescent probes used in this study are characterized by
similar excitation and emission wavelengths, double staining was not possible. Moreover, it will be
shown later that two of the populations identified as P3 could only be distinguished from P1 after
being stained with SYBR Green fluorescence. Consequently, obtaining BODIPY fluorescence for

only P1 or P3 populations was not possible.

P2: Population characterized by low red fluorescence, FSC and lipid content

After a few weeks, a distinct cloud of cells (denoted P2) began to appear on cytograms and grew
exponentially (u = 0.045 - d'!; Fig. 3B, see Fig. S4 in the Supporting Information). This new
subpopulation accounted for approximately 1% of the whole population after 31 d of DA, and for 9.31
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+ 1.08% after 3 months of DA. Since the total cell concentration was stable during DA (Fig. 3A), we
can conclude that the P2 (as well as P3) population was composed of cells derived from P1. Red
fluorescence and FSC of P2 remained stable for the whole DA duration (Fig. 4; level KPSS test p-
values for red fluorescence and FSC: 0.056 and > 0.1). Also, the values of these two parameters were
significantly lower in P2 than in the P1 population (Fig. 4; p-values < 0.005 and < 0.01 for red
fluorescence and FSC, respectively, with values of P1 “greater” than those of P2). Forward scatter is
commonly used as a proxy for cell size. However, Coulter counter data suggested that these cells were
not actually smaller than P1 cells, as we could not distinguish two size populations (see Fig. S5 in the
Supporting Information; Hartigan Dip’s test p-value for each culture: 0.91, 0.71, 0.49). Rather,
because the average FSC was strongly correlated with the average red fluorescence and BODIPY
fluorescence during DA (i.e., chl @ and NL contents, see Fig. S6 in the Supporting Information; p for
each culture at TO: 0.96, 0.95, 0.97; p-values < 0.001), we propose that the FSC signal was mainly
driven by changes in the cellular content of dense material and related changes in the refractive index
that modulate light scattering (e.g., Bricaud et al. 1988).

The viability of P2 cells estimated with SYTOX Green, although slightly lower than that of
P1, remained high until the end of DA (above 90%, see Fig. S7A in the Supporting Information).
However, a careful examination of the SYBR Green data revealed that the DNA of these cells was not
properly stained because its average green fluorescence values were close to background levels (see
Fig. S8 in the Supporting Information).

Before and during the whole DA, the shape of the cloud regrouping P1 and P3 indicates that
the cells had a NL content proportional to their chl a content (Fig 6A; Spearman correlation
coefficients for P1 at TO and at the end of DA: 0.76 and 0.71; p-values < 0.001). This is not surprising
considering that larger cells have, on average, higher chl a and carbon quotas. However, this
relationship between the BODIPY fluorescence and chl a was much lower for P2 as data points were
further spread apart and losing their collective “droplet” shape (Fig. 6A; Spearman correlation
coefficients for P2 at the end of DA: 0.39; p-values < 0.001). Moreover, the mean BODIPY green
fluorescence of P2 never varied in the dark (level KPSS test p-value > 0.1), was much lower than in
P1 and P3 (p-value < 0.001 with P1 and fluorescence “greater” than P2 fluorescence), and was very

similar to background noise (between 100 and 400 counts; Fig. 6B).
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During RL, the red fluorescence of P2 decreased rapidly (Fig. 4B) and the relationship
between autofluorescence and FSC observed in healthy populations was partially lost (see Fig. S9 in
the Supporting Information). Note that P2 cells were neither stained by SYTOX Green (see Fig. S7B)
nor SYBR Green during RL. The cell concentration of P2 increased during the first days of RL
because some cells from other populations (mostly P3 cells, see next section about P3) transitioned

the same physiological state (i.e., low red fluorescence and FSC).

P3: A population with high SYBR Green fluorescence
Concomitant with the appearance of the P2 population, another population distinct from P1 appeared
and grew exponentially (u = 0.053 - d"!) up to RL (Fig. 3B, see Fig. S10 in the Supporting
Information). It accounted for more than 1% of the culture after 36 days of DA, and 16.71 +2.94%
after three months. Cells belonging to P3 could be distinguished from the others by a much stronger
SYBR Green staining (p-value < 0.005 with P3 fluorescence “greater” than P1 fluorescence) whose
values were very close to those of P1 prior to darkness and a few days after RL (Fig. 5, see Fig. S10).
Although lower on average, values of FSC and red fluorescence were very close to those of P1 (Fig.
4), to the extent that P3 could not be differentiated from P1 on cytograms based only on FSC or red
fluorescence (Fig. S11 in the Supporting Information). Like for P2, these two parameters did not vary
significantly during DA (level KPSS test p-values > 0.1). The decreases observed between day 36 and
day 58 (Fig. 4) were probably due to some cells of P1 being counted as P3 cells. Indeed, two cells
from P1 bound together can be counted as one event by the FCM. Such an event would be
characterized by a very high SYBR Green fluorescence (parameter used to distinguish the two
populations) and attributed to P3. Because the concentration of P3 was very low during this time, a
small amount of P1 cells could markedly influence the red fluorescence and FSC averages. Such a
bias is visible in the decrease of standard deviation between day 36 and 58 (Fig. 4). Because double
staining was not an option, P3 could not be distinguished from P1 based only on SYTOX Green data.
However, the viability of the population containing P1 and P3 was still close to 99% at the end of DA
(data not shown), so we can assume that P3 cells were still healthy.

During RL, while P1 showed signs of recovery (increase in FSC, red fluorescence, and DNA

fluorescence; Figs. 4 and 5) the FSC and red fluorescence of P3 rapidly decreased to low levels (Fig.
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4) and cells from P3 became progressively indistinguishable from P2 in terms of red fluorescence and
FSC (see Fig. S12 in the Supporting Information). Finally, cell concentrations of P3 also decreased
rapidly (Fig. 3B, see Fig. S13 in the Supporting Information). During the first three days of RL,
before any growth could be observed and while P2 concentrations increased by 1.42 + 0.25 x 10° cells

-mL-!, P3 concentrations decreased by 1.35+0.18 x 10° cells - mL! (Fig. 3B).

DISCUSSION

The aim of this study was to assess the evolution of carbon and NL contents in Fragilariopsis
cylindrus during DA, as well as to examine the fate of individual cells. Overall, the data suggest that
F. cylindrus cells rely on metabolic downgrading and carbon consumption for dark survival.
Moreover, flow cytometry offered valuable insights into the possible fates of F. cylindrus cells when
they undergo long periods of darkness such as encountered during the polar night. It allowed us to
identify distinct cell subpopulations, each characterized by different survival capabilities. Evidence is
presented here for three potential physiological states that rendered some of the cells unable to

recover upon re-illumination.

Metabolic slowdown and carbon consumption

The consumption of carbon reserves associated with a reduction of metabolism is thought to be one of
the strategies on which diatoms could rely to survive prolonged darkness. Gleitz and Kirst (1991)
showed that diatom-dominated assemblages could significantly increase their investment of newly
fixed carbon in lipids when light exposure was severely reduced (from 81 or more to less than 20
pmol photons - m2 - s7). Their results suggest that lipids may account for more than 30% of total
fixed carbon and thus may be a major energy source for survival during the polar night. Like Morin et
al. (2019) and Schaub et al. (2017), our results do indicate that consumption of reserve lipids is part of
the survival strategy of diatoms exposed to prolonged darkness. However, in our experiments, the
summer to winter transition was simulated by immediate transfer of cultures from constant light to
total darkness. Therefore, cells did not benefit from a gradual decrease in light before the start of DA

like in the natural environment or as in the study by Gleitz and Kirst (1991). Under non-limiting
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growth conditions, lipids for example make up only a small percentage (10%) of macromolecular dry
weight of Phaeodactylum tricornutum cells, with less than 50% of it being found in TAGs (Remmers
et al. 2018). This is supported by the results of Gleitz and Thomas (1993), Thomas and Gleiz (1993),
Palmisano et al. (1988) and Tillman et al. (1989), who showed that in polar diatoms (both in the field
and in cultures), the relative amount of photosynthetically assimilated carbon invested into lipids is
between 5 and 20% when temperature is at or below 0°C. In contrast, low molecular weight
metabolites (primarily free amino acids and monosaccharides) are almost systematically the
compartment in which carbon is most invested, sometimes accounting for more than 50% of total
fixed carbon. Fahl and Kattner (1993) showed that although TAGs may represent the most abundant
lipid class in polar diatom cells in both water and ice communities, lipids do not, however, represent a
large portion of the dry weight (less than 15% in ice assemblages, and less than 5% in pelagic
communities).

Excluding the three first days of DA during which some cells were still dividing, the carbon
quota decreased on average by 29.11 £ 6.15%. Given the observations reported above, a decrease in
carbon quota as large as measured here probably exceeded the initial amount of storage lipids in
Fragilariopsis cylindrus at the beginning of DA. This suggests that F. cylindrus may have consumed
other types of carbon-rich molecules to fuel its metabolism, as reported by Handa (1969) in
Skeletonema costatum during a 10-d DA. The potential of other carbon compartments should
therefore be investigated in the future.

At the beginning of DA, the SYBR Green data revealed an unexpected two-step decrease
(within 24 h and 3 weeks). While the last rounds of cell division in some cells within the first three
days of DA may explain part of this decrease, it cannot account for all of it. The decrease in SYBR
Green fluorescence could have resulted from a decrease in plasma membrane permeability that could
slow the staining. However, extending the staining time from 30 min to 2 h made no difference. In
addition, the efficiency of SYTOX Green and BODIPY staining were never affected. A wide variety
of processes acting on DNA, RNA and proteins are known to be involved in the regulation of cellular
activity (review be Talbert et al. 2019). Some of these, such as histone (de)acetylation and
(de)methylation, can alter the DNA landscape by condensing or expanding chromatin to varying

degrees. The most packed areas of the genome are known as heterochromatin whereas the least
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packed are denoted euchromatin. Formation of densely packed heterochromatin is suspected to
provide a rapid means of making DNA physically unavailable to the transcription machinery. During
nucleosome packing, the minor groove in the DNA, where SYBR Green binds, tends to be
compressed and curved (Alberts et al. 2002). As a consequence, it can be “kinked or alternately
shifted”, reducing its accessibility (Richmond and Davey 2003, Ong et al. 2007). We therefore
propose that the observed changes in SYBR Green fluorescence in darkness (that were reversed
rapidly upon re-illumination) are the indirect sign of a higher degree of DNA packaging that allows F.
cylindrus to shut down non-essential functions and to lower metabolic activity (i.e., a decrease in the
consumption rate of its reserves) in the dark. This would increase its survival time but, as a

consequence, also prevent the fluorescent molecule from binding to large areas of the genome.

P1: Survival during darkness does not guarantee growth recovery following re-illumination

While surviving without any external source of energy is the first challenge met by microalgae during
the polar night, they can only participate in the new production season if they also manage to recover
growth when light is available again. According to the viability data, most cells survived a 3-month
DA. However, some of them, showing signs of degradation before and during RL (for P2 and P3,
respectively), did not recover during RL. These cells were dead or virtually dead (i.e., unable to
recover activity). This partly explains the significant decrease in viability observed during RL (-28.2 +
4.1% after three days). In addition to cell death within the P2 and P3 populations, 20.7 + 4.7% of the
cells were no longer detectable after three days (day at which the viability reached a minimum).
Assuming that all P2 and P3 cells died, and knowing their concentrations before RL, we can deduce
that P2 and P3 populations represented 21.0 + 1.8% and 37.8 + 6.9% of the total cells that died during
RL, respectively. Therefore, the remaining 41.2 + 8.0% of the dead cells (or approximately 18% of all
cells) died as a result of light stress. Because no cells died after one-month of DA we can conclude
that this percentage increases with the length of DA, indicating that the cells weaken over time in
darkness. The size of the remaining carbon pools may be of great importance during prolonged DA as
it may help the cells to withstand light stress and rebuild what is necessary (i.e., pigment content,
consumed and recycled material) to fully and quickly recover when light becomes available.

However, NL content and carbon quota data showed a constant decrease during DA. Conversely, red
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fluorescence and HPLC dosages of pigments showed that the amounts of chl a and ¢, B-carotenes,
fucoxanthin and diadinoxanthin linearly decreased during DA (the total amount of these pigments
decreased by 28.9 + 10.4% between day 3 and the end of DA, see Fig. S14 in the Supporting
Information). The loss of pigments involved in photoprotection could have led to a decrease in

photoprotective defenses over time, making them less likely to survive RL.

P2: Neutral lipid depletion and metabolic reduction
Cells belonging to P2 formed a population characterized by lower red fluorescence and NL content
that grew exponentially following four weeks of darkness. They remained in a stable state until RL,
after which they did not survive or show any sign of activity, their content being promptly degraded
or released in the medium. The temporary increases of both P2 FSC and BODIPY fluorescence were
probably the consequence of other cells (i.e., cells from P1 and P3) dying and entering the P2
physiological state. Indeed, while the concentration of P1 and P3 decreased, that of P2 increased.

The low and stable values of red fluorescence may reflect a partial degradation of chlorophyll
to primary degradation products occurring when the cells enter the P2 state. These degradation
products, such as pheophytin, may require photo-oxidation to further degrade to non-fluorescent
metabolites, as observed during RL. During DA, SYBR Green seemed to be unable to stain these
cells, indicating that the nucleic acid within P2 cells was probably degraded. If the DNA could not be
stained by SYBR Green, it also means that the viability estimates obtained by SYTOX Green, which
suggested that P2 was mostly viable, were actually not reliable for this population. During RL, the
cells remained unstained with SYTOX Green or SYBR Green, confirming that they lost their DNA.
We therefore consider that these cells were likely to be dead.

BODIPY measurements showed that the green fluorescence emitted by cells belonging to the
P2 population was probably not generated upon binding with NL. Instead, we can assume that green
fluorescence was generated by the presence of non-bound dye (see Rumin et al. 2015 and references
therein). Govender et al. (2012) showed that, while concentrations of BODIPY 505/515 of 0.058 and
0.067 pg - mL! resulted in insufficient and optimal staining of NL in Chlorella vulgaris, respectively,

a concentration of 0.083 ug - mL! was too high and generated a “bright background fluorescence”
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that hindered data collection. The concentration used in the present study was close to 0.082 pg - mL-
I, In the end, P2 cells appeared to be devoid of NL.

Collectively, all these elements suggest that these cells died during darkness. As
Fragilariopsis cylindrus slowly consumed its NL content during DA, one possible limitation to its
survival would be the size of its initial NL pool. Cells belonging to P2 could have died due to a
depletion of their NL and could represent the fate of cells that exceeded their survival capacities.
Interestingly, at the beginning of the 5-month DA, the mean NL content of the cells was only around
60% of the values obtained in the 3-month DA (mean green fluorescence value before darkness:
1206.26 £215.56 vs 2043.50 & 215.56; p-value < 0.001 with 3-month DA values “greater” than 5-
month DA values). The average carbon quota at TO was also lower and represented around 84% that
of the 3-month DA cultures (mean carbon quota value before darkness: 5.89 x 10+ 6.97 x 10”7 vs
7.02x 106+ 5.04 x 107 pg C - cell’'; p-value < 0.001 with 3-month DA values “greater” than 5-
month DA values). If F. cylindrus does indeed rely on its NL content to survive darkness, this could
explain why the cultures seemed to have a lower survival success during the 5-month DA, as they

started to die after one month of darkness according to the viability data (see Table 1 and Fig. S3).

P3: Sleepwalker cells

Like P2 cells, the P3 population started to appear and to become more apparent following a couple
weeks of darkness. But unlike P2, they were very similar to P1 in which they were evenly distributed
and could not be distinguished on the basis of FSC, red fluorescence or NL content. They could only
be identified based on higher SYBR Green fluorescence.

In some organisms, the increase of DNA fluorescence upon SYBR Green staining could be
explained by a duplication of the genome that can offer different advantages to a cell such as an
increased metabolic activity (Frawley et Orr-Weaver 2015). But even though observations of
polyploid diatom cells have been made in the past (see von Dassow et al. 2008 and references therein,
Mann 1994, Koester et al. 2010, van Tol et al. 2017), there is no solid evidence that diatoms are
actually capable of endoreduplication (Huysman et al. 2014). The decrease in SYBR Green
fluorescence observed in P1 at the beginning of DA can therefore be interpreted as a consequence of

metabolic reduction. The finding that SYBR Green values of P3 were very close to those observed in

This article is protected by copyright. All rights reserved



active cells before DA could illustrate a change in chromatin structure synonymous with reactivation
of cellular activity. P3 may be composed of cells whose dormancy system failed and led cells to death
as they were not able to recover during RL.

During RL, FSC and red fluorescence of P3 cells decreased very rapidly to reach values
similar to those of P2. While the concentration of P3 was dramatically decreasing (before they
completely disappeared), the P2 population was increasing. This suggests that during RL, P3 lost their
DNA and could not be detected on this criterion anymore, becoming therefore indistinguishable from
P2. On the basis of Figure S13 it could be argued that we cannot be sure whether or not the population
identified as P3 was really composed of cells from P3, and whether P3 cells were really converted to
P2 cells. But the relative positions of these clouds during RL (see Fig. S13), the variations of their
parameters (Fig. 4), as well as their respective cell concentrations (Fig 3B), suggest that the blue
cloud (see Fig. S13) was indeed P3 and that cells belonging to this population all died and entered
into a state similar to that of P2. In support of this, it should be noted that at the end of the darkness
period of the 5-month DA experiment, when P3 and P2 represented a large majority of the cells in all
cultures (data not shown), only 8% of the cells survived in the culture in which cell survival rate was
the highest, indicating that a vast majority of the cells did not survive.

Finally, one might consider that P3 cells in darkness could be an intermediate state of P2 cells.
At the end of the 5-month DA, most of the cells belonged to P2 or P3 (data not shown). If the above
hypothesis was verified, we probably should have seen the P3 concentration decrease to P2 before the
end of DA, which did not happen. While more evidence is needed, P2 and P3 therefore do not appear
to be related.

In the present study, microscopic observations did not visually reveal the presence of any
resting cells or spores. During acclimation experiments mimicking summer to winter transitions,
Palmisano and Sullivan (1982) measured an increase of the heterotrophic potential of Fragilariopsis
cylindrus. The ability of F. cylindrus to use heterotrophy is also suggested by transcriptome data of
Mock et al. (2017). In the present study, however, no source of DOC was added to the culture
medium and so heterotrophy was presumably not an option. Instead, our results suggest that F.

cylindrus relies on a lowered metabolism combined with low consumption of neutral lipid reserves
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(and potentially other carbon pools), the depletion of which ultimately condemns the cells that were
no longer stained by BODIPY. A biochemical analysis of the main carbon reservoirs, and in particular
triacylglycerides, would be necessary to support this hypothesis. The fate of P3 cells is more obscure.

It should also be kept in mind that the strain studied was isolated over 40 y ago. It was
deposited in the NCMA culture collection in 1982 by G. Fryxell. It has been cryopreserved since 2007
but has likely been in culture since then, so it is possible that it has drifted genetically from the
original strain and is no longer representative of individuals found in their natural habitat. Despite this
caveat, the choice was made to study this strain because it is the only polar diatom whose genome has
been sequenced (Mock et al. 2017).

Flow cytometry has been instrumental for allowing the single cell approach reported here, and
combining the information from different fluorescent probes has proven to be extremely useful. In the
future, FCM could be an even more valuable tool as some cytometers are equipped to sort cells.
Isolating different populations in order to observe them separately with different microscopic devices,
for instance, could help us better understand the precise changes that occur in the different
populations observed as well as the different cellular parameters on which selection pressure is

exerted during the polar night.
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Table 1. Average viability, survival rate and growth parameters upon re-illumination. Each point is

the mean of technical replicates of the three biological replicates (n = 9) + standard deviation.

Survival and growth indexes 1 month 3 months 5 months
Viability (%) at TO 99.03 99.16 97.93
Viability (%) cells before RL" 98.5+0.35 98.6 +0.40 50.0 +£0.50
Viability decrease (%) during RL 2.21+2.93 28.33 £3.78 46.9 +4.50
Days before first increase of the concentration® 0.80 5 7

Growth rate (d )" 0.31 +0.00 0.31+0.02 0.27+0.12

aViability at TOgy, just before the light system was turned back on.

b Viability difference between TOg and the lowest value recorded during RL.

¢Time of RL at which the first increase of viable cells concentration was recorded.

d Calculated by linear regression on natural logarithm transformed concentration of viable cells data

corresponding to the exponential growth phase (i.e., linear part of log transformed concentrations

curve).
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Figure 1: Mean BODIPY green fluorescence (neutral lipids; solid line) and carbon quota (dashed line)
during the 3-month DA. Each point is the mean of technical replicates of the three biological
replicates (n = 9) with their standard deviation as the error bars. Neutral lipid content is expressed as

relative units (r.u.).

Figure 2: Density scatter plot showing P1, P2 and P3 after three months of darkness. (A) Plotting the
red fluorescence as a function of the forward scatter allows to distinguish P2 from P1 and P3. (B)
Plotting the SYBR Green data as a function of the side scatter allows to distinguish P3 from

P1 and P2. The procedure used to statistically confirm the existence of three distinct populations as

they are defined here is detailed in Appendix S1 in the Supporting Information. Relative units (r.u.).

Figure 3: Mean cell concentrations during 3-month DA and subsequent RL. The first panel shows that
the growth of P2 and P3 and the decrease observed in P1 are concomitant and of similar magnitude
during DA. P2 and total cell concentrations were estimated in flow cytometry samples without
addition of dye. Each point is the mean of technical replicates of the three biological replicates (n =
9). Cells belonging to P1 and P3 could only be distinguished from each other in SYBR Green samples
in which the number of cells detected may vary slightly with staining efficiency. Therefore, for each
sampling time and each culture, P1 and P3 concentrations were first estimated in the SYBR Green
samples before the concentrations were corrected by being multiplied by the ratio of (P1+P3)
concentrations measured in SYBR Green and samples without dye. For these two populations, each
point is the mean of the three biological replicates (n = 3) as only one technical replicate was made for

SYBR Green. Error bars represent the standard deviation.

Figure 4: Mean forward scatter and red fluorescence during the 3-month DA and subsequent RL. Data
for P2 and P3 were only plotted from the day they represented at least 1 % of the total cell
concentration (i.e., day 31 and 36 of the DA, respectively). SYBR Green samples have been used to
retrieve data of P1 and P3 which could only be distinguished in these samples. The red fluorescence
was not affected by staining with SYBR Green. The average of the ratio of the values obtained for

samples with SYBR Green and without die was of 1.00 £+ 0.04. FSC was, on the other hand,
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systematically underestimated by approximately 17% in SYBR Green samples (ratio: 0.83 £+ 0.02).
For each of the two parameters, values retrieved from the SYBR Green data have been corrected by
being divided by the corresponding average ratio. Each point is the average of three biological
replicates (n = 3) with their standard deviation as the error bars. Because P2 was characterized by a
very low SYBR Green fluorescence, some cells were below the threshold set in the protocol and were
not detected. Therefore, data for P2 were retrieved from the samples without die. Each point is the
mean of three technical replicates of the three biological replicates (n = 9) with their standard

deviation as the error bars. Forward scatter and red fluorescence are expressed as relative units (r.u.).

Figure 5: Mean SYBR Green fluorescence of P1 and P3 during the 3-month DA and subsequent RL.
Because some cells of P2 were characterized by a very low SYBR Green fluorescence, they were
below the threshold and not detected. Data for P2 are therefore not available. Each point is the mean

of the biological replicates (n = 3). SYBR Green fluorescence is expressed as relative units (r.u.).

Figure 6: BODIPY fluorescence of P2. Relative units (r.u.). (A) Cytogram showing the pattern of
BODIPY green fluorescence of P1 and P2 at the end of DA after staining with BODIPY. (B)
BODIPY fluorescence for P2 during the 3-month DA and subsequent RL. Data have been plotted
after P2 had grown enough to represent more than 1 % of the total cell concentration (i.e., day 31).
Each point is the mean of the technical replicates of all biological replicates (n = 9) with their

standard deviation as the error bars. Vertical bars represent the standard deviation.

Figure S1: Light spectrum in the cylinders. The integral of the curve equals 30 umol photons m-2s-1. The
light intensity was measured with a radiometer USB-4000 (Ocean Insight) every 21 nm. The light probe

was placed in the middle of the cylinders.
Figure S2: Example of cytograms showing (A) the cell concentration, the red fluorescence and the FSC,

(B) the neutral lipids content, (C) the viability, (D) the genetic material fluorescence and to detect the

eventual presence of contaminant organisms. Relative units (r.u.).
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Figure S3: Viability of cultures for each of the three DA before RL estimated with SYTOX Green (i.e.,
membrane permeability test). Each point is the mean of the technical replicates of all biological replicates

(n = 9) with their standard deviation as the error bars.

Figure S4: Appearance of the P2 population (red) next to the P1 population (green) during DA. The four
panels are cytograms selected from all those available and deemed relevant to visually illustrate P2

appearance during DA. Cal. beads = calibration beads. Relative units (r.u.).

Figure S5: Size distribution curves of the three cultures of Fragilariopsis cylindrus after three months of
darkness estimated on the Multisizer 4. For each of the three biological replicates, cell numbers in 12.5 pl
are given for each size bean (0.16 um) between 2.5 and 6 um. Each point is the mean of three technical

replicates (n = 3).

Figure S6: Linear regression between the FSC and red fluorescence and green fluorescence values of the
population containing P1 and P3 showing the dependency of FSC estimations on chl ¢ and NL contents in
darkness for the 3-month DA cultures. Each point is the mean of the technical replicates for each

biological replicate (n = 3). Relative units (r.u.).

Figure S7: Viability of P1 et 2 stained with SYTOX Green (A) after 3-month DA and (B) after five days
of re-illumination. During DA, the majority of P2 was not stained and cells were viable according to the
protocol. However, the same cells were also not stained by SYTOX Green during RL, although they

underwent significant degradation of their contents after re-exposure to light. Relative units (r.u.).

Figure S8: DNA stained with SYBR Green fluorescence pattern of P2. P1 and P3 cells have been removed
to better see P2 cells distribution. Because the noise represented an extremely dense cloud of particles, a
detection threshold was set on the green fluorescence in order to detect enough Fragilariopsis cylindrus
cells. Because of this, the P2 population could not be detected in its entirety as some of its cells were

characterized by very low SYBR Green fluorescence. Relative units (r.u.).
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Figure S9: Decrease of the FSC and red fluorescence of P2 cells during RL. The four panels are cytograms
selected from all those available and deemed relevant to visually illustrate P2 degradation during RL. Cal.

beads = calibration beads. Relative units (r.u.).

Figure S10: Appearance and development of the P3 population (blue) during DA. The SYBR Green
fluorescence of P1 first decreases during the first weeks. After approximately 50 days, cells with very high
SYBR Green fluorescence start to appear over P1 and continue to

accumulate afterward to form P3. Cells belonging to P2, identified via FSC and red fluorescence values,
are also distinguishable from the two other populations and are characterized by a lower SYBR Green
fluorescence similar to that of the background noise. The four panels are cytograms selected from all those
available and deemed relevant to visually illustrate P3 appearance during DA. Cal. beads = calibration

beads. Relative units (r.u.).

Figure S11: Cytogram showing no differences between P1 and 3 in terms of FSC and red fluorescence at

day 87 of DA. Relative units (r.u.).

Figure S12: Cytograms showing P3 red fluorescence and FSC decreasing 24 h after RL, rejoining

progressively the P2 population. Relative units (r.u.).

Figure S13: Degradation of the P3 population (blue) during RL. While the red fluorescence of P1 began to
increase 8 hours after the start of RL, the red fluorescence of P3 never stopped decreasing. On the third
day, the green SYBR fluorescence of P1 had already increased significantly while that of P3 remained
unchanged. The cell concentration of the P3 population decreased, whereas the P2 population increased
significantly. It is also evident here that P2 cells, losing their red fluorescence, are lost in the background
noise, probably composed of the remains of dead cells. Note that only 5,000 events instead of 2,0000 were
counted 24 h after RL. The four panels are cytograms selected from all those available and deemed

relevant to visually illustrate P3 degradation during DA. Cal. beads = calibration beads. Relative units

(r.u).

Figure S14: Average cell pigment contents during the 3-month DA. A. Chlorophyll a (solid line) and
fucoxanthin (dashed line). B. B-carotenes. C. Diadinoxanthin (solid line) and Chlorophyll ¢
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(dashed line). Each point is the mean of the three biological replicates (n = 3) with their standard deviation

as the error bars.

Table S1: Preparation of cultures: Fragilariopsis cylindrus growth conditions before the start of the
experiments. Prior to experiments, F. cylindrus cells were maintained in stable semi-continuous culture
conditions and cultivated in incremental volumes to reach a final volume of 80 L of acclimated culture in

each cylinder.
Table S2: Sampling timeline for each of the two experiment phases of the three DA. For RL, the sampling

times mentioned are the times since re-illumination. In each experiment, the light system was started 24 h

after the last sampling time of DA.
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