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¢ Diatoms, the main eukaryotic phytoplankton of the polar marine regions, are essential for
the maintenance of food chains specific to Arctic and Antarctic ecosystems, and are experien-
cing major disturbances under current climate change. As such, it is fundamental to under-
stand the physiological mechanisms and associated molecular basis of their endurance during
the long polar night.

e Here, using the polar diatom Fragilariopsis cylindrus, we report an integrative analysis com-
bining transcriptomic, microscopic and biochemical approaches to shed light on the strategies
used to survive the polar night.

e We reveal that in prolonged darkness, diatom cells enter a state of quiescence with reduced
metabolic and transcriptional activity, during which no cell division occurs. We propose that
minimal energy is provided by respiration and degradation of protein, carbohydrate and lipid
stores and that homeostasis is maintained by autophagy in prolonged darkness. We also
report internal structural changes that manifest the morphological acclimation of cells to dark-
ness, including the appearance of a large vacuole.

e Our results further show that immediately following a return to light, diatom cells are able
to use photoprotective mechanisms and rapidly resume photosynthesis, demonstrating the
remarkable robustness of polar diatoms to prolonged darkness at low temperature.
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(Storey & Storey, 2007), consisting of a general reduction in

Introduction . . . .
metabolism that allows a conservation of energy during the win-

In polar regions, resident species must cope with difficulties such
as year-round cold, continuous light around summer solstice and
continuous darkness around winter solstice, but those species that
can cope are present in large numbers of individuals (Blix, 2016;
Ibarbalz ez al., 2019). Hypometabolism is a frequent strategy to
survive in the face of various environmental stresses with one of
the most extreme examples being mammalian hibernation
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ter months. The ability of phytoplankton, which are the basis of
the marine food chain, to survive during the polar night, despite
the prolonged near-absence of light, has been known for over
30 yr (Dehning & Tilzer, 1989; Reeves et al., 2011). The size of
the surviving population of over-wintering phytoplankton is
thought to impact the level of primary production once light
is again available in spring, after annual sea ice break-up (Palmi-
sano & Sullivan, 1983).

Survival in prolonged darkness by microalgae most commonly
involves a physiological resting state, as opposed to spore
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production, which appears to be uncommon, and to mixotrophy,
for which long-term survival is uncertain (Hoban et al, 1980;
McMinn & Martin, 2013). As a function of responses to shorter
or longer periods of darkness, a resting physiological state has
been described in chlorophytes (Hellebust & Terborgh, 1967;
Dehning & Tilzer, 1989; Baldisserotto ez al, 2005a; Ferroni
et al., 2007), pelagophytes (Popels ez al, 2007), temperate
(Handa, 1969; Griffiths, 1973) and polar diatoms (Palmisano &
Sullivan, 1982; Peters & Thomas, 1996; Reeves ez al, 2011;
Mock et al., 2017; Schaub et al, 2017; Lacour et al, 2019;
Morin er al., 2020), as well as in xanthophytes (Baldisserotto
et al., 2005b) and rhodophytes (Liider ez al., 2002). Overall, the
observations suggest a low rate of metabolic activity with limited
consumption of reserves, partial dismantling of the photosyn-
thetic apparatus and reduction in the photosynthetic perfor-
mance during darkness.

High-latitude phytoplankton biomass is dominated by unicellu-
lar diatoms (Pierella Karlusich ez a/, 2020). These photosynthetic
Stramenopiles have chloroplasts derived from secondary endosym-
biosis as well as a combination of host- and endosymbiont-derived
genes in their nuclear genome (Bowler ez 4/, 2010), and an exter-
nal cell wall, or frustule, made of silica. Diatoms play key roles in
the global carbon and silica cycles in the ocean (Tréguer
et al., 2021), accounting for about half of marine primary produc-
tion (Field ez al, 1998). The capacity of diatoms to withstand
fluctuating environments, including the highly variable light con-
ditions in polar oceans, may be key to their ecological success
(Lacour et al., 2018; Croteau et al., 2021, 2022).

Diatom light-harvesting pigments differ significantly from
those of green algae and plants, and include chlorophyll ¢ fucox-
anthin and the photoprotective pigments diadinoxanthin and
diatoxanthin (Olaizola ez al., 1994) and also possess gene subfa-
milies encoding light-harvesting complex proteins, LHCx and
LHCz, believed to enhance photosynthetic light capture under
variable environmental conditions (Goss & Lepetit, 2015).
Furthermore, they are equipped with a suite of, sometimes
unique, photoreceptors that finally regulate the sensing of the
complex marine light climate to improve the global light acclima-
tion (Falciatore ez al., 2022), including the cryptochrome photo-
lyase family, which has both DNA repair and photoreceptor
activities (Coesel ez al., 2009).

Fragilariopsis cylindrus is among the most successful taxa in the
Southern Ocean (Malviya ez al., 2016) and a reference genome is
available for it (Mock ez al., 2017). Having adapted to low light
conditions as found under sea ice, F. ¢ylindrus is thus a valuable
model organism to explore life in the polar environment. Dark
survival of F. ¢ylindrus has received attention, and some authors
(Morin ez al., 2020) have monitored multiple physiological and
metabolic traits in the dark and light recurn while others have
characterized gene expression without physiological analyses, and
without monitoring of postdarkness recovery in the light (Mock
et al., 2017). Recently, a respiratory metabolism of dark-
acclimated cells based mostly on proteomic profiling has been
proposed (Kennedy ez al., 2019). We nonetheless lack an inte-
grated understanding of how this diatom survives the long polar
night.
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Here, we describe experimental set-ups that combine micro-
scopic, transcriptomic and biochemical approaches to assess the
survival strategies of polar diatoms during a prolonged period of
darkness and subsequent re-exposure to light. Our results support
suggestions of entry into a resting physiological state during pro-
longed darkness made in previous studies. We also propose stra-
tegies involving specific genes and metabolic pathways involved
in the ability of F. ¢ylindrus to survive the long polar night.

Materials and Methods

Experimental design

Triplicate cultures of Fragilariopsis cylindrus CCMP 3323 were kept
homogeneous through agitation with a magnetic stirrer in Aquil
media (Morel ez al, 1979) in a cold room at 0 £ 1°C in 801 glass
cylinders (diameter: 30 cm, height: 140 cm; Sciandra er al, 2022).
After a period of acclimation at 30 pmol photon m s~ (DURIS®
E3 LED bands GW JCLMS1.EC, 4000 K) in semi-continuous cul-
tivation, cultures reached a cell concentration close to 10° cells ml ™"
in a final volume of 80| and were transferred to total darkness in a
closed system. Growth of bacteria was minimized by adding
streptomycin (100 mg1™"), kanamycin (100 mgl™"), antimycin
(100 mg ™" and gentamycin (50 mg I™ to the medium before
the final volume increase. During the darkness period, samplings
were performed under green room lighting (LEE filter #740;
0.1 pmol photon m™s™ 1),

Most of the parameters were measured on the cylinders
described above, with the exception of the quantification of
photosynthetic proteins, performed on another set of cylinders
that were kept in the dark for 1 month under identical condi-
tions. The cells used for RNA polymerase immunoblots, and
electron and confocal microscopy were from independent cul-
tures in 300 ml flasks that spent 1-2 months in the dark at 4°C
(Supporting Information Table S1).

Sample preparation and microscopy acquisition

For scanning electron microscopy (SEM) and focused ion beam-
scanning electron microscopy (FIB-SEM), cells were fixed in
2.5% glutaraldehyde and 4% paraformaldehyde in 0.15 M mar-
PHEM buffer (Montanaro et al., 2016) for 72 h then transferred
to 0.15 M PHEM containing 4% paraformaldehyde. For SEM,
cells were washed and pipetted onto a 0.65 pm mesh filter (MEF-
Millipore, DAWP02500) before air drying and imaged with a
Zeiss CrossBeam 540. For FIB-SEM, cells were washed before
being aspirated into cellulose capillaries (Wohlwend GmbH,
Sennwald, Switzerland). Samples were cryofixed using an
HPMO010 (AbraFluid, Widnau, Switzerland). Freeze-substitution
and resin embedding were performed (Ronchi ez 4/, 2021) in an
AFS2 machine (Leica Microsystems, Vienna, Austria) and image
acquisition with a Zeiss CrossBeam 550. Image stacks were
aligned using an AMST workflow (Hennies ¢ al., 2020). Seg-
mentation was done using Microscopy Image Browser and mor-
phometric analysis and visualization using Amira (Thermo Fisher

Scientific, Waltham, MA, USA; Videos S1-S6).

© 2023 The Authors
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For transmission electron microscopy (TEM), cells were cryo-
fixed (HPM100; Leica Microsystems) and freeze substituted
(EM-AFS2; Leica microsystems) using the following steps: 98 h
at —90°C in 0.1% tannic acid and 0.5% glutaraldehyde in acet-
one and washed with acetone at —90°C, 32 h at —90°C in 2%
osmium tetroxide in acetone; temperature was —20°C over 14 h
(5°Ch™Y), —20°C over 16h and then raised to 4°C over 4 h
(6°Ch™"' HR) and washed with acetone at 4°C. The cells were
then infiltrated with EPON hard resin. The resin (without accel-
erator)/acetone (v/v) series used were 25% for 2 h starting at 4°C
and reaching 20°C (8°C every hour), 50% and 70% each for 2 h
at 20°C. Infiltration with 100% resin (with accelerator) was then
performed three times for 3 h and once O/N before polymeriza-
tion at 60°C for 48 h. Seventy-nanometre thin sections were
obtained using an ultramicrotome (Leica EM) with an ultra-
diamond knife (Diatome, Nidau, Switzerland). Two by two tiles
were acquired semi-automatically on the JEOL JEM 2100plus
using 120 kV and x8000 magnification. Micrographs were pro-
cessed using F1j1, and tiles were stitched using PHOTOSHOP.

Confocal microscopy was performed using a Leica TCS SP8.
Cells were stained with NileRed in their culture medium (Merck
— Sigma-Aldrich #72485-100MG) at a final concentration of
2.5 ngml™" for 20 min in the dark, and then pelleted and resus-
pended in DAPI (4',6-Diamidino-2-Phenylindole, Dihy-
drochloride; Thermo Fisher #D1306), at a final concentration of
0.1 mg ml™

TEM analysis and statistical analyses

A total of 86 Light and 99 Dark images were randomly picked
and analysed. All quantitative measurements were performed
using Fij1 v.2.3.0/1.53f, with either the free-hand tool or the line
tool. Heterochromatin vs euchromatin ratio was measured by
binarizing the nucleus and counting the number of dark over
white pixels (Cherkezyan et al., 2014). The nucleolus has been
considered independently. If the repartition of a given feature of
interest followed a normal distribution (Shapiro test), means were
compared with a two-sided Student #test considering whether
the two populations’ variances were equal or not upon the result
of a Fisher exact test. Otherwise, if the populations compared
were large enough (7;> 30), means were compared with a two-
sided Student rtest with populations’ variances considered
unequal. Otherwise, a nonparametric two-sided Wilcoxon test
was performed. All tests’ results are given with a 5% confidence
level. ns stands for not significan; *, 0.01 < P<0.05; *%,
0.001 £ P<0.01; ***, P<0.001.

Biochemistry and cytometry measurements

Number and size distribution of phytoplankton cells were deter-
mined, along with the estimation of bacterial contamination
(SYBR Green), cell viability (SYTOX Green) and neutral lipids
(BODIPY) content assessed by flow cytometry (Sciandra
et al., 2022). Macronutrient concentrations were determined
(Sciandra et al., 2022).

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation
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Respiration rates of the cultures were assessed by measuring
the change in dissolved oxygen concentration in the dark for 1 h,
using optical sensors (FireSting®—Oz; Pyro Science GmbH,
Aachen, Germany). The sample was gently stirred to avoid cell
sinking during the measurement. Sampling bottles were airtight
with the measuring probe applied through the stopper. Data were
fitted with respiration (in pmol O, I'h™h being the slope of a
linear model.

Concentrations of photosynthetic and nonphotosynthetic pig-
ments were determined by HPLC (Ras er 4/, 2008). The de-
epoxidation state (DES, in %) was calculated as:

DES x 100

DT

- DD +DT
where DT is diatoxanthin and DD is diadinoxanthin (in mol per
100 mol chlorophyll ).

Photosynthetic performance

All the photosynthetic measurements were made at 0+ 1°C
under green room lighting. A triplicate of dark-acclimated
(30 min) sample was submitted to a blue light saturating flash
(100 ps, 455 nm) in a fluorescence induction and relaxation
(FIRe) fluorometer (Satlantic, Halifax, NS, Canada). The photo-
system II (PSII) absorption cross-section (Opsy)) was calculated
following Kolber e al. (1998).

A red light source (A =655 nm) pulse amplicude modulated
fluorometer (PHYTO-PAM with PHYTO-ED unit, Walz, Ger-
many) was used to measure the photosynthetic performance of
cells on dark-acclimated samples. Rapid light curves (RLCs) were
performed with 13 steps of 30s (from 0 to 490 pmol photons
m2s1). The photochemical efficiency of PSII, F,/Fys was cal-

culated as:

Fy—F
By

F /By =

where Fy and Fy are, respectively, the minimum and maximum
levels of dark-acclimated chlorophyll fluorescence. The relative
electron transport rate (rETR) was calculated as:

F,—F'
u

tETR = E %

where E is the light intensity, and F and Fy; are, respectively,
the minimum and maximum levels of light-acclimated chloro-
phyll fluorescence. rfETR vs E curves were fitted according to
Eilers & Peeters (1988) in order to extract rETR,,,, the maxi-
mum relative electron transport rate (Barnett ez al., 2015). The
output of the RLC:s also allowed to calculate the nonphotochem-
ical quenching (NPQ) as:

(Fu—Fy)

NPQ =
Q="
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The maximal NPQ (NPQ,,,,) was the maximal value obtained
for the highest RLC step (Serddio & Lavaud, 2011).
Photosynthetic parameters were further determined by mea-
suring the "*C-uptake of phytoplankton samples exposed at 24
light levels (from 0 to 800 pmol photon m™s™'; Morin
et al., 2020; Croteau ez al, 2021). Raw data were fitted to the
model of Platt er /. (1981) and allowed to determine the light
saturation coefficient in pmol photons m s (P— Ey), the
chlorophyll-specific photosynthetic efficiency coefficient in mgC
mg Chlz " h™" per pmol photon m™?s™" (P— a), and the maxi-
mum specific carbon fixation rate in mgC mg Chlz 'h™'

([)Bmax) .

Molecular biology procedures

Photosynthetic protein quantification (RuBisCo (RbcL) and pro-
tein D1 (PsbA)) was done by immunoquantitation as described
previously (Morin ez al., 2020), with total protein quantitation
done using a Bicinchoninic Acid (BCA™) protein assay with
bovine gamma globulin protein standard.

Chromatin was extracted (Lin ez 2/, 2012), and we used the
RNA pol II CTD phospho Ser2 antibody (AbFlex 91115) that
binds to the active form of RNA Polymerase II to do immuno-
blot (6% acrylamide, transfer at 30 V overnight). Histone H4
was used as a loading control. Quantification of the blot was per-
formed using the mean grey value on Fuj1, using amount as a ratio
of each protein band relative to the lane’s loading control.

RNA was isolated following the protocol of the manufacturer
using the RNeasy Mini Kit (Qiagen). A second DNase step was
added after elution (DNase Invitrogen™ Kit TURBO DNA-
free). Library preparation was made using Illumina TruSeq
Stranded mRNA Library Prep including poly-A selection and
performed at the biotechnology company Fasteris along with
sequencing that yields > 30 million reads per sample (Illumina
Sequencing HiSeq 4000, 2Xx 150 bp).

Reference genome and bioinformatics

From the reference genome (Mock et al, 2017), we removed
genes that overlap with transposable elements and worked with a
final set of 23 902 genes (Dataset S1). We ran a de novo repeat
detection using the TEdenovo pipeline from the REPET package
v.2.4 (Flutre er al., 2011). This library of consensus sequences
was then used as a digital probe for whole-genome annotation by
the TEannot (Quesneville ez 2/, 2005; Dataset S2).

Raw data were deposited at https://www.ncbi.nlm.nih.
gov/geo/ under the GEO accession no. GSE218215. The quality
was verified with FASTQC v.0.11.9 and aligned to the reference
genome using STAR v.2.7.9a. Raw read counts over exons were
obtained with htseq-counts v.0.13.5 and used for differential
expression analysis and principal component analysis with
DESEQ2 v.1.26.0 against TOLIGHT. Macrotrends of gene
expression were defined with the Dynamic Regulatory Events
Miner, DReM v.2.0 (Schulz ez al., 2012) taking in account genes
differentially expressed compared with TOLIGHT (llog,ECl > 2,
P<0.01) in at least two consecutive time points. Subclusters of

New Phytologist (2023)
www.newphytologist.com

New
Phytologist

genes within each macrotrend were identified with the function
kmeanspp of the package LICORs v.0.2.0.

The R package TOPGO was used to determine the gene ontol-
ogy terms enrichment (Fisher’s exact test, < 0.05) and used
CIRGO to visualize them. The KAAS -KEGG Automatic Annota-
tion Server (Moriya et al., 2007) was used for ortholog assign-
ment. In silico targeting predictions were performed using
Hectar and ASAFIND v.2.0.

Tara Oceans is a planetary-scale project in which the taxo-
nomic composition of protist communities was characterized
through DNA metabarcoding using the V9 region of the
185 rRNA gene (Ibarbalz er al, 2019) (https://zenodo.
org/record/3768510#.Ye-xqpHM]Jzp). To explore the distribu-
tion and contribution to local diatom communities of the diatom
genus Fragilariopsis, we pooled together Fragilariopsis-specific
sequences from all the eukaryote-enriched size fractions (Pierella
Karlusich ez al., 2020; 0.8—-5; 5-20; 20-180 and 180-2000 pm)
and from two epipelagic layers (surface and deep-chlorophyll
maximum). The data were normalized against the total reads
assigned to diatoms within each sample, which corresponds to
the proportion of Fragilariopsis reads to diatom communities.
Results were plotted using the R package MAPDATA v.2.3.0.

Results

Fragilariopsis distribution in Tara Oceans using
metabarcoding data

To investigate whether the diatom genus Fragilariopsis could be
identified within natural communities experiencing prolonged
darkness and to better explore its importance within diatom com-
munities, metabarcoding data corresponding to the Fragilariopsis
genus from 141 distinct 7#ra Oceans stations were retrieved,
including 20 stations from the Arctic Ocean. Compared with a
previous study (Malviya ez al., 2016) describing the cosmopolitan
genus Fragilariopsis, our analysis here includes new sampling sta-
tions from the Arctic Ocean and shows that Fragilariopsis indeed
occurs at high latitudes (> 72°N) that experience prolonged
darkness, where it can significantly contribute up to 30% to dia-
tom populations (Fig. S1; Table S2).

Cellular bioenergetics during initial full light, prolonged
darkness and subsequent return to light

Fragilariopsis  cylindrus  cultures acclimated to continuous
light were subjected to darkness for a period of 86 d, followed by
re-exposure to continuous light for 7 d. Parameters measured are
summarized in Table S1. We first explored bulk and within-cell
biochemical and photophysiological changes. During the first 3 d
of darkness, cell abundance increased up to 30%, likely from the
completion of a last division. F. cylindrus then stopped cell divi-
sion in the dark (Figs 1a, S2a). Viability as determined by cyto-
metry remained high (99%) during the dark period. Upon light
return, cell mortality of 30% occurred during the first 3d
(Fig. S2b). Subsequently, an increase in cell number was consis-
tent with cell division exceeding the initial mortality losses.

© 2023 The Authors
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Fig. 1 Tracking physiological changes in Fragilariopsis cylindrus from the acclimation phase in full light, to prolonged darkness (grey area of the graphs), and
upon return to light (yellow area of the graphs). (a) Number of cells mI~". (b) Maximum quantum yield of photosystem Il (Fy/Fy). (c) Nonphotochemical
quenching (NPQ.,0). (d) Maximum relative photosynthetic electron transport rate (rETRma, pmol photons m=2s™"). (e) De-epoxidation state (DES, %). (f)
Carbon content (ug cell™). (g) Oxygen consumption (umol O, I"s™"). (h) Maximum chlorophyll-specific carbon fixation rate in mgC mg Chla~"h=" (P®...,).
The three biological replicates are represented with triangles (Cylinder 1), squares (Cylinder 2) and circles (Cylinder 3). X-axis shows the time points sampled
with a broken scale in hours or days. See Supporting Information Table S1 and Fig. S2 for all the time points sampled per parameter.

Bulk particulate carbon and nitrogen concentrations, together
with photosynthetic pigments per cell (Chlg, Chl ¢2 and Fx),
decreased by half during the dark period (Figs 1f, S2d, S2f). Lipid
content as estimated by cytometry also gradually decreased during
prolonged darkness (Fig. S2b). We observed a general decrease in
oxygen consumption after 3 months of darkness, at 2 to 13 times

© 2023 The Authors
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lower than the rates measured from light-acclimated cells before
the dark period (Figs 1g, S2¢). Within 2 h of the return to light,
the de-epoxidation state of xanthophyll cycle pigments
(DES=DT/(DD + DT) X 100) reached a maximum of 60%,
illustrating the induction of photoprotection (Figs lce, S2g).
While lipid stocks replenished within the first 2d of light return,
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particulate carbon and nitrogen, as well as photosynthetic pigment
stocks, only returned to baseline after 5 d light return.

The maintenance of a high F,/Fy aligned with a slight
decrease in 6PSII in prolonged darkness (Figs 1b, S2h, S2i). As
the cylinders were maintained in a closed system throughout the
experiment, cultures grew exponentially when light returned until
they were limited by nutrient availability. This had an impact on
the ‘light-adapted’ parameters that became apparent between
Days 5 and 7 following the return to light, such as DES and
Fyl By values (Fig. S2¢).

Morphological changes in F. cylindrus in continuous light
and after prolonged darkness

We then assessed the morphological responses of F. ¢ylindrus to
prolonged darkness using SEM, TEM and FIB-SEM and confo-
cal microscopy, performed on light- and dark-acclimated cells
(Table S1). Scanning electron microscopy did not reveal major
external differences between light- and dark-acclimated cells,
indicating that F. ¢ylindrus does not form spores in the dark
(Kuwata ez al., 1993; McQuoid & Hobson, 1996; Figs 2a,b, S3a,
b). The FIB-SEM and TEM revealed, however, significant
changes in cell constitution, including the de novo formation of a
large vacuole in prolonged darkness (Figs 2d.f, 3a).

Focused ion beam-scanning electron microscopy results take into
account the total volume of each cell (measured for up to five cells).
Transmission electron microscopy images, on the contrary, reflect
the proportions of a given organelle or feature visible from a cell
thin section, and measurements from these images must therefore
be taken with caution (up to 99 cells). The large vacuole occupied
25% of the cell volume as estimated by FIB-SEM, or 40% of the
projected area as estimated by TEM (Figs 3b, $4). In agreement
with cell counts, TEM analysis showed significantly fewer dividing
cells from dark-acclimated populations (P< 0.001; Fig. S3e). In
line with the cytometry results (BODIPY), TEM image analysis also
showed a decrease in the number and size of dense-core organelles
(0.001 < P < 0.01) that we consider to be storage lipid droplets. By
NileRed staining with confocal microscopy, we also observed fewer
lipid droplets in the dark than in the light (Figs 3c,d, S5). Further-
more, we observed electron lucent spherical organelles that could
potentially be chrysolaminarin stock, the major carbohydrate food
reserve of diatoms (Chiovitti et @/, 2004; or could be empty lipid
droplets; Fig. S3¢). In addition, a higher ratio of heterochromatin
to euchromatin was found in the dark which, in conjunction with
the smaller size of the nucleus (0.001 < P< 0.01), suggests that the
DNA is more condensed and less accessible for gene transcription
(Fig. 3f,g). Of the explored nuclei, we found fewer and smaller
nucleoli (ribosome factories) in the dark (0.001 <P<0.01;
(Fig. S3h), which may underlie the decreased metabolic activity.

Gene expression clustering and enriched functions

To explore temporal changes in gene expression, we sequenced a
total of 48 transcriptomes from cultures that span the time series
from the full-light acclimation phase (TOLIGHT), through dark-

ness to the light return phase (Table S1). Principal component

New Phytologist (2023)
www.newphytologist.com

New
Phytologist

analysis revealed a gradual transition in gene expression, first
from 6 h to 6 d of darkness (short-term darkness), and then from
6d to 1 and 2 months of darkness (long-term darkness). We
noted a continuous change in gene expression from 30 min to
2 h of return to light (short-term response to light) to 6h to 1d
of return to light (longer-term response). The return to the initial
state of gene expression consistent with TOLIGHT was again
observed after 2 d of light return (Fig. 4a). A maximum of 35%
of the total number of genes were downregulated in the dark
whereas ¢. 7% were upregulated (llog,FCl > 2, P < 0.01), relative
to TOLIGHT. Following return to light, expression of ¢. 32% of
genes were affected during the first day (12% up and 20%
down). In comparison, ¢. one-third of the genome of Arabidopsis
is regulated during de-etiolation, with three-fifths upregulated
and two-fifths downregulated by light (Ma ez al, 2001). Using
the Dynamic Regulatory Events Miner approach, we could iden-
tify five temporal macro trends (clusters) in gene expression over
14 853 genes (62% of the total number of genes) as compared to
TOLIGHT. Clusters were then subdivided into subclusters
(Fig. 4b,¢; Table S3).

The enriched functions within subclusters 1A to 1C suggest that
the cell repairs DNA after 30 min of light return, and that genes
involved in gene expression and ribosome biogenesis remain active
up to 3d of darkness, switch off in prolonged darkness, and
turned on again after 6 h of light return. Subcluster 1D, upregu-
lated throughout the dark period and losing expression to return
to baseline 3 d after light return, is enriched in genes involved in
apoptotic processes. Subclusters 2A and 2C have similar temporal
trends, with downregulation in the dark and increased expression
from 12 h after light return, and are enriched in functions such as
gene expression, translation and fatty acid synthesis. The enriched
functions within subcluster 2B suggest that DNA replication
restarts from 30 min after light return. The subclusters 3A to 3C
are genes that recover the same expression level as TOLIGHT start-
ing from 1 to 2d after light return. They are enriched in genes
involved in photosynthesis, chlorophyll synthesis and cell division.
Subclusters 4A and 4B comprise genes that were overexpressed
during the early darkness and are enriched in genes involved in
chromatin organization, lipid and carbohydrate catabolism. Sub-
cluster 4C contains genes that are induced throughout the dark
period as compared to TOLIGHT and is enriched in functions
such as respiration (including the alternative oxidase (AOX)-
dependent respiration pathway genes; Fig. 4c). The smallest Clus-
ter 5 is made up of genes downregulated throughout the experi-
ment compared with TOLIGHT and, unlike all other clusters,
these genes do not return to the initial state after 7d of light
return. The gene ontologies detected in this cluster include signal
transduction, transcription and response to wounding (not illu-
strated here; Table S3).

To detect fast variations in expression that could have been
missed in the macrotrends analysis, we examined genes that were
differentially expressed at single time points as compared to
TOLIGHT. The list includes 3619 genes (15% of total number of
genes) among which one-third are specific to 30 min light return.
Among the enriched Gene Ontology categories, we found cell

communication, mRNA and protein metabolism, and cytochrome
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Fig.2 Morphological differences between Fragilariopsis cylindrus from continuous light and after prolonged darkness. (a) Outer cell morphology observed
by scanning electron microscopy (SEM) from continuous light and (b) after prolonged darkness. (c) 3D cell reconstruction with false colour from focused ion
beam-scanning electron microscopy (FIB-SEM) from continuous light and (d) after prolonged darkness. Chloroplasts are in green, the nucleus in light blue
and the vacuole in pink (see Supporting Information Videos S1-56). () Inner cell morphology observed by transmission electron microscopy (TEM) from con-
tinuous light and (f) after prolonged darkness, with false colour. Putative lipids are in brown, the nucleus in light blue and the vacuole in pink. Bars, 1 pm.

complex assembly. A total of 194 genes were specifically differen-
tially expressed after 3 d of darkness; the enriched gene ontology
functions include apoptosis (Fig. S6; Table S4).

Integrative view of cell metabolism in the dark and
following light return

We explored metabolic pathways by relating patterns of gene expres-
sion (samples merged according to Fig. 4a) with the corresponding

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

biochemical results when available. The results are summarized in
Fig. 5. The timing of the transition from short-term to long-term
dark response at the transcriptomic level is consistent with the stabi-
lization of cell counts in the culture, along with the decrease in
rETR a0 PP imax and in the contents of the photosynthetic proteins
RbcL and PsbA after several days in darkness (Figs 1a,d,h, 5).
Features characteristic of quiescence are found in F. cylindrus
in prolonged darkness (Sun & Gresham, 2021), including the
overall drop in metabolic activity, shown by the downregulation
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Fig. 3 Analyses of transmission electron microscopy images of Fragilariopsis cylindrus cells from continuous light (yellow plots) and after prolonged
darkness (grey plots) show distinctive structural features. (a) Diagram comparing the proportion of light and dark cells that do not contain a vacuole (blue)
to those that do (red). (b) Violin plot displaying light and dark surface area (in %) of the cell cross-section occupied by the vacuole. (c) Diagram comparing
the proportion of light and dark cells that do not contain lipid droplets (LD; blue) to those that do (red). (d) Violin plot depicting light and dark surface area
(in %) of the cell cross-section occupied by lipid droplets (LD). (e) Images of a dark cell with a zoom on the thylakoid width measurement. Violin plots dis-
play the thylakoid lamellae width (in nm) within chloroplasts. Bar, 500 nm. (f) Violin plot comparing the surface area (in um?) of the cell cross-section occu-
pied by the nucleus. (g) Violin plot comparing the heterochromatin: euchromatin ratio of the cells. (h) Violin plot of the surface area (in nm?) of the cell
cross-section occupied by mitochondrial cristae in cells. For all violin plots, the mean is shown by the bold horizontal bar; its 95% confidence interval is
between the two error bars. n is the number of images used for each plot. Result of mean comparison between light and dark cells is represented by its
P-value above the plots. ns, not significant; *, 0.01 <P < 0.05; **,0.001 <P < 0.01; ***, P < 0.001.
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Fig. 4 Gradual transition over time in transcriptomics for functions enriched in cells from cultures of Fragilariopsis cylindrus in the acclimation phase in full
light (TOLIGHT), in prolonged darkness (from 6 h up to 2 months (M)), and upon return to light (up to 7 d). (a) Principal component analysis of a total of 48
light or dark transcriptomes. Each dot represents one transcriptome and the shapes refer to one of the three biological replicates. (b) Dynamic Regulatory
Events Miner analysis using the differentially expressed genes compared with the acclimation phase. The numbers on the right refer to the number of the
cluster along with the number of genes within each cluster. (c) Each of the clusters is divided into subclusters illustrated by letters on the left of each
heatmap (A to C or A to D). Heatmaps show the average log, fold expression (log,FC) of genes compared to the light-acclimated time point. Pie charts on
the right of each heatmap indicate the Gene Ontology (GO) enrichment within each subcluster. Only two GOs per subcluster are shown (notched sectors).
The full list of enriched GOs is given in Supporting Information Table S3.
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of RNA polymerase II subunit genes (Fig. 5), and by the drastic
decrease in the active form of RNA polymerase II protein by
immunoblot (Fig. S7). On average, the total protein level per cell
drops to 22% (13%) after 1 month in the dark as compared to
TOLIGHT (Fig. S2k), consistent with the downregulation of
genes involved in ribosome biogenesis (Fig. 4c). As found in
quiescent yeast and animals, cell size is slightly reduced in the
dark (Fig. S2a; Lacour et al., 2019).

Branched-chain amino acids play a key role in environmental
adaptation in diatoms (Yao ez al, 2017). We find several genes
involved in branched-chain amino acid metabolism that shows
strong overexpression relative to TOLIGHT throughout the dark
petiod. Most of the genes involved in fatty acid synthesis are down-
regulated in the dark while several triacylglycerols lipases and beta
oxidation-related genes are induced. The expression profile of genes
involved in glycolipid metabolism (digalactosyldiacylglycerol
synthase DGDGI and sulfoquinovosyltransferase SQD2) and in
triacylglycerols  synthesis  (glycerol-3-phosphate  acyltransferase
GPAT and diacylglycerol acyltransferase DGAT) along with the
decrease of thylakoid lamellae thickness suggest a potendal rearran-
gement or consumption of cellular lipids in prolonged darkness
(Figs 3e, 5) in accordance with the TEM analysis (Fig. 3c,d) and
with the decrease in the cytometry fluorescence signal of the triacyl-
glycerols stock in lipid droplets (Fig. 5; Tables S5, S6; Rumin
et al., 2015; Sciandra ez al., 2022). The upregulation of glucosidase
genes and the downregulation of chrysolaminarin production genes
(Figs 4c, 5) suggest that it is also consumed.

The upregulation of light-harvesting complex LHCx and
LHCz genes in prolonged darkness illustrates that, as in other
polar diatoms, capacity for nonphotochemical quenching is a key
strategy for energy dissipation upon the abrupt return of light
(Figs 5, S2g,h; Lacour ez al., 2019). Therefore, photoprotection
is induced rapidly after light return and then relaxed as the
rETR,,« and PP, slowly increase to their light-acclimated
values after 2-3 d. The immediate increase in rETR,,,, when
light returns suggests a re-organization of the existing photosys-
tems rather than de novo synthesis (Baldisserotto ez al., 2005a;
Ferroni ez al., 2007; Nymark ez al., 2013; Lacour ez al., 2019).

Interestingly, the continuous change from the transcriptomic
short-term response to light (6 h to 1 d) to longer-term response
is consistent with the progressive increase in protein content per
cell and in the observed changes in photosynthetic parameters. A
return to nearly the initial state of gene expression was observed
after 2-3 d of light return, as the cell produces new photosyn-
thetic pigments and divides, in conjunction with upregulation of
cell division-related genes (Figs 4a, 5, S2f).

Discussion

We have explored the responses of the polar diatom F. cylindrus
to an extended period of darkness followed by an acute exposure
to light in order to disentangle mechanisms related to survival
during the long polar night. Consistent with previous studies, we
demonstrate that the majority of the cell population acclimates to
prolonged darkness (Wulff ez al, 2008; Reeves et al, 2011;
Lacour ez al., 2019; Morin et al., 2020). We present evidence that
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the cell enters into a quiescent state (Shemi ez al., 2016; Zienkie-
wicz et al., 2020) and that a toolbox of genes and metabolic path-
ways are associated with survival in darkness and subsequent
successful return to the light.

As observed in other species of microalgae in the dark (Palmi-
sano & Sullivan, 1982; Dehning & Tilzer, 1989; Schaub
et al., 2017; Morin et al., 2020), F. cylindrus reduced its metabolic
activity, consuming little of its energy reserves (Fig. 1f). We pro-
pose that induction of autophagy in F. ¢ylindrus in prolonged
darkness contributes to the degradation of cell reserves, notably
fatty acids, which provide essential elements for the cell to ensure
energy homeostasis. Autophagy can lead to programmed cell death
under severe stress but it is also involved in the degradation of lipid
droplets in microalgae, sometimes through their uptake into
vacuoles (Zhao et al, 2014; Shemi et al, 2015; Zienkiewicz
et al, 2020), known as lipophagy in quiescent yeast (Wang
et al., 2014). Given the increased expression of genes encoding the
central components of autophagy (autophagy-related protein ATG
and the vacuolar sorting protein VPS) and genes associated with
apoptosis (Figs 4, 5, S6) during this period, we propose that
vacuole-mediated autophagy is initiated after 3 d of darkness and
may be a means of avoiding accumulation of harmful waste pro-
ducts in the cytoplasm. Vacuolar features similar to the large
vacuole appearing here have been observed in P. tricornutum, in
Antarctic red algae, in chlorophytes and in Emiliania huxleyi. It
may support material digestion of cell constituents in the dark or
in nutrient-depleted environment (Ferroni e 4, 2007; Nymark
et al., 2013; Shemi ez al., 2015, 2016). Of note, two TEM pictures
suggest the presence of material inside the vacuoles in the dark that
may represent cellular material being recycled (Fig. S3d).

Although counterintuitive because this metabolic pathway pro-
duces less ATP compared with the cytochrome oxidase (COX)
pathway, F. cylindrus upregulates the AOX-dependent respiration
pathway genes (complexes I and II of the mitochondrial electron
transport chain (AOX, NADH dehydrogenase (NDH), succinate
dehydrogenase (SDHA)) in prolonged darkness. A previous study
showed undetectable ATP levels in prolonged darkness in F.
cylindrus but also found that AOX partner proteins were upregu-
lated (Kennedy ez al., 2019). This suggests that the AOX path-
way, which can play a role in cellular adaptation under different
types of stress (Bailleul ez 4/, 2015; Murik ez al, 2019), is also
operational in the dark. Conversely, COX-associated genes
(mitochondrial complex III, ubiquinol cytochrome ¢ reductase
(RIPI)) are relatively more strongly induced immediately follow-
ing the return to light (Figs 4, 5, S6). The low rates of respiration
in the dark, at least partly through AOX, could help to restrict
production of reactive oxygen species (Murik ez al., 2019), evoca-
tive of the case of quiescent yeast (Allen ez 4/, 2006). Maintain-
ing low reactive oxygen species is essential as it can damage DNA
and cellular macromolecules (Gangloff & Arcangioli, 2017).

We also explored the possibility of the involvement of the dark
nitrate respiration metabolic pathway described in Kamp
et al. (2011). Only genes encoding one of the key functions were
upregulated in the dark, but was further upregulated following
light return as compared to TOLIGHT (Table S6). Because this

metabolic pathway is believed to occur in the absence of oxygen,
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we therefore conclude it is unlikely to be involved in the dark sur-
vival of F. cylindrus.

The maintenance of a high photochemical efficiency of PSII
F/Fyy, along with a slight decrease in the effective absorption
cross-section 6PSII (Figs 1b, S2h,i), indicates a remarkable conser-
vation of the ability to convert light energy by photochemistry
throughout the prolonged period of darkness (Nymark
et al., 2013; Lacour et al, 2019; Morin et al, 2020). However,
photophysiology and carbon fixation were downregulated in the
dark in line with numerous studies in other species of both dia-
toms and other groups of phytoplankton (Dehning & Til-
zer, 1989; Peters & Thomas, 1996; Popels er al, 2007; Wulff
et al., 2008; Reeves et al, 2011; Lacour et al., 2019). Our results
are supported both by measurements at the photochemical and
carbon fixation levels, but also at the structural level of the photo-
synthetic apparatus (Baldisserotto ez al, 2005a,b; Ferroni
et al., 2007) with a decrease in thylakoid width in prolonged dark-
ness observed by microscopy. Like the few studies that have docu-
mented the return to light after a long period of darkness (Peters
& Thomas, 1996; Popels ez al., 2007; Martin ez al., 2012; Lacour
et al., 2019; Morin et al., 2020), we observed that £ cylindrus
restores its photophysiological capacities very quickly (< 1 d) after
the return to light and consequently its carbon and nitrogen con-
tent (< 2d; Figs 1, S2). We suggest that the transient drop in
Fy/Fyp upon the early return of light is related to the activation of
photoprotection mechanisms rather than to light-stress-related
photodamage of PSII. Of note, the peak in respiration is consis-
tent with the peak in primary production 1d after return to the
light (Fig. 1gh). The observation that PP . fell to zero after
2 months of darkness, while rETR,,,,, did not, suggests that some
capacity for PSII activity is retained during prolonged darkness.
The residual PSII ETR may be associated with cyclic electron
transport around PSII (Wagner ez /., 2016).

Several previous experiments in microalgae suggest a decrease
in chlorophyll z content per cell in the dark. Here, we found that
the chlorophyll « pool per cell decreased and also that most of
the genes involved in chlorophyll synthesis were downregulated
(Table S6; Fig. S2f), suggesting the absence of chlorophyll synth-
esis in the polar night in F. ¢ylindrus. Contrasting with this gen-
eral trend, two genes encoding enzymes acting in the last steps of
chlorophyll synthesis (the magnesium chelatase H subunit and
one protochlorophyllide oxidoreductase (POR)) were upregu-
lated in darkness. In plants, angiosperms also require light for
chlorophyll synthesis as protochlorophyllide reduction is
mediated by light-dependent POR enzymes (PORA, PORB and
PORC in Arabidopsis thaliana). PORA and PORB transcripts
accumulate to high levels in dark-grown seedlings, conditioning
etiolated tissues for rapid greening upon exposure to light, while
later in development PORB and PORC maintain chlorophyll
synthesis (Masuda & Takamiya, 2004). The P. tricornutum gen-
ome encodes two light-dependent POR; PORI, which plays a
role during periods of environmental stress and POR2 which
supports daily chlorophyll synthesis (Hunsperger ez al., 2016).
The F. cylindrus genome contains several POR genes, one of
which appears to be strongly induced in response to darkness and
the early return of light (Table S6). This not only supports the
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hypothesis that duplication of POR genes in microalgae compen-
sates for the loss of light-independent POR (Hunsperger
et al., 2016), but also suggests that this polar diatom accumulates
transcripts of this gene during the polar night in order to rapidly
convert protochlorophyllide into chlorophyll when light returns
(Cvetkovska er al., 2019). Concerning the magnesium chelatase
H, this protein has been shown to play a role in chloroplast-to-
nucleus retrograde signalling in addition to its role in chlorophyll
synthesis, and the high expression of this gene after prolonged
darkness could be related to this important regulatory function
(Fig. 5; Table S6; Brzezowski ez al., 2016; Rea ez al., 2018).

We also observed the pre-emptive dark induction of genes in
anticipation of the light return involved in photoprotection
(LHCx and LHCz genes) and in DNA repair (encoding crypto-
chromes CPF2 and 3, CPD photolyase DNA repair and RAD
family DNA repair components; Fig. 5). To remain viable, cells
must be able to retain DNA integrity, notably DNA repair genes
are maintained during hibernation in tardigrades and mammals
(Schwartz et al., 2013; Carrero et al., 2019).

After 3 months of total darkness, an acute switch to continu-
ous light at an intensity of 30 pmol photon m *s ! was designed
to simulate an abrupt break-up of sea ice. We believe that similar
results would have been obtained even by applying a lower return
light level since phytoplankton growth is possible under ice at
extremely low light intensities (Randelhoff ez al, 2020). Tran-
scriptomic results from another set of samples that spent a month
in the dark (Fig. S8) reveal a similar delay in returning to a state
of continuous light acclimation, after 7 d of return to light. This
illustrates the ability of polar diatoms to withstand the varying
durations of polar night experienced across latitudinal gradients.
Furthermore, the presence metabarcoding
sequences in several 7ara Oceans stations corresponding to the

of numerous

genus Fragilariopsis above 72°N, where dark conditions over 80 d
are encountered in the Arctic in winter (Ludvigsen ez al., 2018),
supports the environmental relevance of this species as a model of
dark adaptation (Fig. S1). Given previous results from studies in
nonpolar microalgae species, we cannot exclude the fact that this
persistence in prolonged darkness may be a general feature of all
microalgae. No other studies in conditions of such prolonged
darkness and subsequent return to light have been performed
with other species. We suspect, however, that polar species are
more likely to succeed in conditions of prolonged darkness and
low temperatures (Lacour ez al., 2017; Salazar ez al., 2019).

Understanding the biology of photosynthetic organisms living
in the polar regions and their tolerance to environmental changes
is now of pressing importance, as they evolve towards warmer
temperatures while still enduring extreme variations in seasonal
light. Although some experiments conducted on polar algae indi-
cate that survival rates in the dark are not affected by moderate
temperature increases (Reeves e al., 2011; Martin et al., 2012),
we nevertheless expect shorter dark survival times with increasing
water temperatures, given the higher temperature-dependent
metabolic rates (Schaub ez al, 2017).

Several of our results are innovative, suggesting strategies on
how a model polar diatom, survives and exits the dark polar win-
ter. The long-term dark survival strategy of F. ¢ylindrus involves a

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

85U8017 SUOWILLIOD A1) 3|qeo! [dde aup Aq peueob ae Sapiie YO ‘8Sn JO 3N 10} Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUBI/LICO" A3 (1M AeIq | Ul |UO//SdnY) SUORIPUOD pue Swie 1 8yl 88s *[£20z/ZT/yT] uo Ariqiauliuo A8|iM ‘d 19 subelig a1ued HAINTH4 1 Ad £886T Udu/TTTT OT/I0p/wW0 A8 im Areiqijeuljuo yduy/:sdny wouy pepeojumod ‘0 ‘ZET869YT



New
Phytologist

Research 13

slow-down of metabolism and the establishment of a specific and
reversible gene expression programme for dark survival. We
observed a modification of the subcellular organization, and
we propose that the cell uses an autophagic compartment to
degrade cellular compounds. The AOX pathway potentially plays
an important role in enabling the cell to respire at lower rates,
thus causing less oxidative damage to the cell, but it may also
contribute to maintaining cellular bioenergetic processes at a rate
such that they do not burn up energy reserves too quickly.
Despite this suppressed physiological state, the polar diatom
adopts a ‘better prevent than cure’ strategy maintaining the
expression of genes in the dark involved in chlorophyll produc-
tion, photoprotection and DNA repair and retains its ability to
rapidly reset growth following the return of light. Further experi-
ments could be carried out using advanced genetic manipulation
techniques or pharmacological inhibitors specific to target genes
or pathways. Inhibiting the AOX pathway could help elucidate
how organisms cope with accumulation of cell-damaging waste
products during periods of darkness. Inhibition of autophagy-
related genes may enable to determine whether autophagy is
essential for entry into a quiescent state and long-term survival in
the dark. Finally, to go beyond the measurement of relative tran-
script abundance and achieve absolute quantification of dark vs
light transcripts, it would be highly recommended to use a
method such as RNA-Seq spike-in Quinn ez 4/ (2018).
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Supporting Information section at the end of the article.

Dataset S1 Annotation file for gene.
Dataset S2 Annotation file for transposable elements.

Fig. S1 Global contribution of Fragilariopsis barcodes (V9) to
diatom populations across the 7ara Oceans expedition.

Fig. S2 Results from the physiological, biochemical, cytometry

and protein analysis in Fragilariopsis cylindrus.
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Fig. 83 SEM images and TEM image analysis of Fragilariopsis
cylindrus in light and dark conditions.

Fig. $4 3D reconstruction of cells of Fragilariopsis cylindrus using
focused ion beam-scanning electron microscopy (FIB-SEM).

Fig. S5 Fluorescence micrograms of Fragilariopsis cylindrus
stained with DAPI and NileRed.

Fig. S6 Tracking genes significantly differentially expressed at
single time points in Fragilariopsis cylindrus.

Fig. 87 Western blot targeting the active form of RNA Polymer-
ase I (RPB1 CTD Ser2p) in Fragilariopsis cylindrus.

Fig. S8 Principal component analysis of a total of 17 light and
dark transcriptomes of Fragilariopsis cylindrus from cultures in
the acclimation phase in full light (TOLIGHT), in prolonged
darkness (1 month), and upon return to light (up to 7 d).

Table S1 Summary and timing of the parameters measured from
the cultures of Fragilariopsis cylindrus.

Table S2 Global contribution of Fragilariopsis barcodes (V9) to
diatom populations across Tara Oceans.

Table S3 ID of genes of Fragilariopsis cylindrus included
within each DREM subclusters and associated enriched GO
categories.

Table S4 Complete list of genes of Fragilariopsis cylindrus that
are significantly differentially expressed at single time points as

compared to TOLIGHT.
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Table S5 Correspondence of gene names in Fragilariopsis cylin-
drus with acronyms, the number of genes considered and the sub-
cellular predictions from Fig. 5.

Table S6 Complete list of genes explored in Fragilariopsis cylindrus.

Video S1 FIB-SEM-Light-1: 3D reconstruction of a full-light-
acclimated cell allowed with focused ion beam/scanning electron
microscopy.

Video S2 FIB-SEM-Light-2: 3D reconstruction of a full-light-
acclimated cell allowed with focused ion beam/scanning electron
microscopy.

Video S3 FIB-SEM-Light-3: 3D reconstruction of a full-light-
acclimated cell allowed with focused ion beam/scanning electron
microscopy.

Video S4 FIB-SEM-Dark-1: 3D reconstruction of a dark-accli-
mated cell allowed with focused ion beam/scanning electron
microscopy.

Video S5 FIB-SEM-Dark-2: 3D reconstruction of a dark-accli-
mated cell allowed with focused ion beam/scanning electron
microscopy.

Video S6 FIB-SEM-Dark-3: 3D reconstruction of a dark-acclimated
cell allowed with focused ion beam/scanning electron microscopy.
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