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Gene expression during the formation G

of resting spores induced by nitrogen starvation
in the marine diatom Chaetoceros socialis
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Abstract

Background Dormancy is widespread in both multicellular and unicellular organisms. Among diatoms, unicellular
microalgae at the base of all aquatic food webs, several species produce dormant cells (spores or resting cells) that
can withstand long periods of adverse environmental conditions.

Results We present the first gene expression study during the process of spore formation induced by nitrogen
depletion in the marine planktonic diatom Chaetoceros socialis. In this condition, genes related to photosynthesis and
nitrate assimilation, including high-affinity nitrate transporters (NTRs), were downregulated. While the former result

is a common reaction among diatoms under nitrogen stress, the latter seems to be exclusive of the spore-former C.
socialis. The upregulation of catabolic pathways, such as tricarboxylic acid cycle, glyoxylate cycle and fatty acid beta-
oxidation, suggests that this diatom could use lipids as a source of energy during the process of spore formation. Fur-
thermore, the upregulation of a lipoxygenase and several aldehyde dehydrogenases (ALDHSs) advocates the presence
of oxylipin-mediated signaling, while the upregulation of genes involved in dormancy-related pathways conserved in
other organisms (e.g. serine/threonine-protein kinases TOR and its inhibitor GATOR) provides interesting avenues for
future explorations.

Conclusions Our results demonstrate that the transition from an active growth phase to a resting one is character-
ized by marked metabolic changes and provides evidence for the presence of signaling pathways related to intercel-
lular communication.

Keywords Transcriptomics, Resting stages, Nitrogen transporters, Nitrogen starvation, Diatoms, Chaetoceros socialis,
Cell signaling, Lipoxygenase, PCD
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Background

All over the phylogenetic tree of life, many organisms can
undergo a dormant phase in which they stop the devel-
opmental program or the vegetative division cycle for a
variable length of time in response to unfavourable con-
ditions for growth. Unicellular species, both prokaryotes
and eukaryotes, produce resting stages such as akine-
tes, cysts, or spores, characterized by markedly reduced
metabolism, increased content of storage material and
often considerable morphological modifications of the
cell wall ([1, 2]). The reversible switch from an active
growth phase to a resting one is generally induced by
the perception of specific environmental signals, such
as changes in temperature, photoperiod or concentra-
tion of nutrients. The transition between life cycle phases
implies energetic investments and dramatic changes in
several metabolic pathways ([1]); however, the molecu-
lar mechanisms at the base of this transition are still far
to be elucidated and have been mainly explored for a few
model species and cell types of medical interest (e.g., [3]).

Diatoms are a very diverse group of unicellular micro-
algae, at the base of aquatic food web and key players in
different biogeochemical cycles ([4, 5]). Several species
produce resting stages that can be either morphologically
differentiated spores or resting cells, apparently indistin-
guishable from the vegetative ones ([6]). Resting stages
are characterized by high carbon (C) content and can
be responsible for considerable C export to the benthic
compartment ([7, 8]) where they can remain viable for
decades, ensuring the persistence of genotypes produced
in different years through time ([6, 9, 10]).

Chaetoceros is one of the most species-rich and abun-
dant genera of planktonic diatoms with a worldwide
distribution ([11]). Many species in this genus produce
morphologically differentiated resting spores ([12, 13]),
which are considered proxies of palaeo-productivity
([14]). Among Chaetoceros species, C. socialis often
dominates phytoplankton assemblages in open oce-
anic and coastal waters (e.g., [15]) including the Gulf
of Naples (Tyrrhenian Sea, Mediterranean Sea) where
blooms are detected in spring and autumn ([16]) and
its spores dominate the dormant diatom assemblage in
surface sediments ([17, 18]). Recent studies have shown
that the production of spores in C. socialis is a density-
dependent process, most probably mediated by a chemi-
cal cue ([19]), and that spores act as a defense strategy
against viral attacks ([20]). Similar to what was observed
for other diatoms ([6]), a massive transition from vegeta-
tive cells to spores in C. socialis is induced by inoculating
exponentially growing cells into a culture medium with
low nitrogen (N) ([21]). Previous RNA-seq studies have
investigated the physiological response of diatoms to N
starvation ([22, 23]), a condition that negatively impacts
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microalgal growth in the marine environment ([24]), but
none of them focused on species known to form spores.

Here, we explore gene expression profiles during spore
formation induced by N starvation in C. socialis. After
the assembly of its transcriptome, we tested the differen-
tial regulation of the major metabolic pathways, the pres-
ence of potential oxylipin-mediated signalling and other
conserved pathways known to be involved in cell dor-
mancy in other organisms. Our results provide the first
account of the molecular responses during this impor-
tant transition in the diatom life cycle.

Results and discussion

The efficacy of N starvation in inducing a rapid and mas-
sive transition from vegetative cells to resting spores in
C. socialis, first shown by Pelusi et al. ([19, 21]), is here
confirmed. After three days of exponential growth, C.
socialis cells grown in N depleted medium entered in sta-
tionary phase and vegetative cells (Fig. 1a) progressively
turned into spores (Fig. 1b), reaching ~30% and ~75% of
the total cell number on T3 and T4, respectively (Fig. 1d).
In control conditions, spores were present with a much
lower percentage (~15%) only at T4 (Fig. 1c). The experi-
ment was conducted with exactly the same set-up illus-
trated in Pelusi et al. ([19]), where concentrations of
inorganic nutrients in the medium and of organic N
and C in cells were monitored in both treatment and
control conditions. The cell and spore concentrations
over the four days of the experiment here illustrated
matched the overall dynamics observed in Pelusi et al.
([19]), where spore formation in the treatment coincided
with a marked increase of intracellular C (from an aver-
age value of ~ 8 pg cell ™! on day 0 to~ 34 pg cell ! on day
4), while the intracellular N pool remained almost con-
stant (between ~ 1.4 pg cell ™! on day 0 and ~ 1.6 pg cell™
on day 4). These data show that during spore formation
cells keep assimilating carbon, likely to build metabolic
energy reserves. The fact that the internal N pool does
not decrease under N limitation in the culture medium
suggests a qualitative shift in intracellular nitrogenous
compounds and supports the conclusion that the inter-
nal N pool is not the primary cue for the induction of
spore formation ([19]). In the transcriptomic experiment
and in the experiments illustrated in [19] non-axenic cul-
tures were used. The concentration of NOjs in the treat-
ments showed a marked and constant decrease [19] and
the concentration of NO, and NH, was always below 0.1
and 0.4 uM, respectively (A. Pelusi, unpublished data),
Although the bacterial load was minimal at the sampling
days chosen for this study, a possible effect of bacterial
remineralization in altering inorganic nitrogen concen-
tration and its uptake by the diatom cannot be excluded.
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Fig. 1 Nitrogen depletion induces the formation of resting spores in the diatom Chaetoceros socialis. Light micrograph of a colony of vegetative
cells (a) and a colony in which vegetative cells turned into resting spores (b); scale bars=10 um. Time course concentration of vegetative cells and
spores (cells, spores mL™"; left axis) and percentage of spores (right axis) in cultures grown in nitrogen-replete control (c) and in nitrogen-deplete
treatment (d); data are shown as average £ S.D. (n=3). Samples for the differential gene expression analysis were collected on day 2 in the control
and on days 2 (T2), 3 (T3) and 4 (T4) for the treatment and are marked with dashed green circles in panels c and d, respectively

Transcriptome assembly and differential expression
analysis

RNA-seq experiments were performed on C. socialis
samples collected in N deplete medium before the for-
mation of spores (T2), when spore formation started
(T3), and when spores reached >75% of the whole pop-
ulation (T4) (Fig. 1d); control samples were collected
from cells in mid-exponential growth phase on day 2
(C2) (Fig. 1c). Since the C. socialis genome is not avail-
able yet, raw reads have been assembled with a de novo
approach. The assembled transcriptome accounted for
a total of 32,224 transcripts (Table S1, S2), with a mean
GC content of 43.98%, an average and median con-
tig length of 776 and 536 bp, respectively, and a N50 of
1140 bp (Table S1). In silico encoded protein sequences

were 19,153. Among these, 6693 (34.9%) were full-length
proteins, 5401 (28.2%) were 5 partial proteins lacking a
stop codon, 2328 (12.2%) were 3’ partial proteins lacking
a start methionine, and 4731 (24.7%) lacked both a start-
ing methionine and a stop codon (Table S1). The function
of 8,070 protein sequences (42.1% of the total predicted
proteins) was successfully annotated (Table S2). Among
these, 7,974 proteins were associated with at least one
gene ontology (GO) term.

The comparisons between each time point (T2,
T3 and T4) and the control (C2) were used to detect
the molecular pathways involved in spore forma-
tion induced by N depletion. More than 65% of the
total transcripts (21,873) resulted to be differen-
tially expressed genes (DEGs), with a fold change

Table 1 Number of differentially expressed genes (DEGs), Gene Ontology (GO) enriched terms and pathways annotated among up-
and downregulated DEGs in the different comparisons between treatments (T) and control (C)

Comparison Up-reg Down-reg GO terms enriched in GO terms enrichedin ~ Pathway occurrence  Pathway
DEGs DEGs up-reg. DEGs down-reg. DEGs in up-reg. DEGs occurrence in
down-reg. DEGs
T2vsC2 4838 388 469 142 160 14
T3vsC2 11,704 3851 704 494 351 187
T4vs C2 13,851 4801 699 549 429 181
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log2(FC) > 1.5, and the majority of them belonged to
T3 and T4 (Table 1, Table S2). The hierarchical clus-
tering of the DEGs dataset highlighted a suite of genes
specifically characterizing T3 and T4, when spore for-
mation was taking place, as compared to the control
condition (Figure S1).
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Pathway occurrence and GO enrichment

A summary of pathways with the highest DEGs occur-
rence and the most significantly enriched GO terms
detected in each comparison is illustrated in Figs. 2 and
3, respectively. A total of 406 pathways and of 3,057 GO
terms were significantly enriched in T2, T3 and T4 versus
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Fig. 2 Hierarchical clustering analysis of log2(FC)s expression related to the top metabolic pathways in terms of DEGs occurrences. The heatmap
represents SwissProt pathways displaying statistical significance (average log2(FC) of all the DEGs in the pathway > 1.5, adjusted P-value < 0.05) for
differential expression between sampling points. The up-regulated pathways are reported in orange, the down-regulated pathways in blue and
the non differentially expressed ones in white. For each pathway, the number of DEGs over the total number of C. socialis transcripts retrieving the
annotation is shown in parentheses. For each condition and each pathway, the average log2(FC) of all the DEGs related to that pathway is shown

with the corresponding colour
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Fig. 3 The first 20 enriched GOs terms in each comparison. Terms enriched in upregulated (a) and downregulated (b) DEGs at T2, T3 and T4
compared to control conditions are reported. The x-axis indicates gene ratio percentage, i.e., the number of genes found enriched in each
comparison over all those annotated under the same term in the transcriptome
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control condition (Table 2, Table S3 and S4). The expres-
sion profile of the pathways indicates the presence of four
main clusters that highlight an overall higher similar-
ity between T3 and T4 (Fig. 2). The same conclusion is
obtained by looking at the enriched GO terms: both up-
and downregulated DEGs in T2 versus control were very
few and redundant, suggesting that the major metabolic
rearrangements started at T3. In fact, the presence of
spores at T3 and T4 coincides with changes in the expres-
sion of pathways and an increased number of enriched
GO terms (Table 1). Among the pathways shared by all
comparisons, the overexpression of L-methionine and
L-cysteine biosynthesis is related to the GO terms cellular
aromatic compounds and cellular nitrogen compounds,
which were found positively enriched (Fig. 2 and 3a).
Also the DNA replication and the tetrahydrofolate bio-
synthesis, related to nucleotide biosynthesis, find accord-
ance to the GO terms nucleobase-containing compound
metabolic process and nucleic acids metabolic processes
over-represented at all sampling points. Specifically, an
enrichment of terms relative to upregulated DEGs linked
to cell cycle was present at T3 and T4 and to cell divi-
sion at T4 (Fig. 3a); these observations parallel the high
expression of cyclin D3-2 (Table 2a), whose homolog in
Phaeodactylum tricornutum was suggested to play a
role in G2-to-M transition ([25]). The overexpression
of these genes at first seems counterintuitive because N
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limitation should negatively affect cell duplication. How-
ever, this finding is supported by observations in con-
focal microscopy demonstrating that two consecutive
acytokinetic nuclear divisions immediately precede the
transformation of vegetative cells into spores ([21]). After
the mitotic division, one nucleus degenerates and one
new thick theca of the spore is synthesised; the process is
repeated when the second theca of the spore is produced.

In analogy to what was reported for other diatoms ([23]
[22]) the pathway of protein ubiquitination, which allows
the recycling of N compounds, was upregulated at all
sampling points.

Enriched GO terms among the downregulated genes
in T3 and T4 compared to the control were related to
photosynthesis (e.g., photosynthesis, protein-chromo-
phore linkage, light harvesting), paralleled by the down-
regulation of the Calvin cycle pathway (Fig. 2 and 3b).
The decline of photosynthesis during N starvation is a
common response in photosynthetic organisms due to
the tight connection between C and N metabolisms
([26, 27]). Cells must control their photosynthetic capa-
bility to mitigate the damage due to N starvation, since
an excess of light absorption relative to C fixation can
result in photo-oxidative damage that can lead to cell
death. Surprisingly, the biosynthesis of tocopherol,
a diatom-specific chloroplast antioxidant ([28]), was
downregulated in T3 (Fig. 2). However, a number of

Table 2 The top 10 most over (a) and under (b) expressed genes at the different sampling points (T2, T3, T4) versus control (C2). The
transcript ID, the SwissProt ID and function are reported together with the log2(FC) for the different comparisons

a) TRANSCRIPT ID SwissProt_ID SwissProt_function T2vsC2 T3vsC2 T4vsC2
TRINITY_DN4348_c0_g1_i3 Q9FGQ7 Cyclin-D3-2 511 13.57 14.31
TRINITY_DN725_c0_g1_i4 Q53FA7 Quinone oxidoreductase PIG3 477 13.03 13.73
TRINITY_DN339_c0_g1_i5 Q75045 Non-histone chromosomal protein 6 544 13.01 13.68
TRINITY_DN2312_c0_g1_i11 Q8BWU8 Ethanolamine-phosphate phospho-lyase 4.76 12.99 14.16
TRINITY_DN1112_c0_g1_i2 P30041 Peroxiredoxin-6 - 12.98
TRINITY_DN2429_c0_g1_i6 QINP80 Calcium-independent phospholipase A2-gamma 4.99 12.57 1343
TRINITY_DN2494_c0_g1_i2 Q9FK72 Heat stress transcription factor A 554 12.56 14.01
TRINITY_DN195_c0_g1_i4 Q9FM67 Protein TIC 20-v, chloroplastic 5.89 1246 13.81
TRINITY_DN790_c0_g1_i6 F4K2K3 ARF guanine-nucleotide exchange factor GNL2 - 1240 12.95
TRINITY_DN1629_c0_g1_i2 P40301 Proteasome subunit alpha type-2 539 12.09 1267
b) TRANSCRIPT ID SwissProt_ID SwissProt_function T2vsC2 T3vsC2 T4vsC2
TRINITY_DN247_c0_g1_i1 QILXHO High affinity nitrate transporter 2.6 - -11.55 -12.20
TRINITY_DN2228_c0_g1_i3 014283 Transcription factor prr1 - -8.28 -4.52
TRINITY_DN22327_c0_g1_i7 B4JTF5 Protein hedgehog - -8.27 -6.87
TRINITY_DN7356_c0_g1_il Q02073 20 kDa chaperonin, chloroplastic - -8.26 -2.17
TRINITY_DN80_c0_g1_i2 Q778P9 Nucleoside diphosphate kinase - -8.03 -352
TRINITY_DN32657_c0_g1_i1 P49534 Uncharacterized protein ycf39 - -7.71 -3.28
TRINITY_DN20497_c0_g1_i1 QOLYR5 Peptidyl-prolyl cis-trans isomerase, chloroplastic -7.17 -3.84
TRINITY_DN4637_c0_g1_i6 080832 UPF0187 protein, chloroplastic - -7.17 -3.23
TRINITY_DN22327_c0_g1_i3 Q98862 Indian hedgehog B protein -7.09 -6.44
TRINITY_DN262_c0_g1_i3 Q4ING3 Cytochrome c peroxidase, mitochondrial - -7.02 -3.90
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transcripts specifically related to oxidative stress were
found upregulated at T3 and T4 and will be further dis-
cussed below.

Differences in expression between T3 and T4 versus
control of two catabolic pathways, pentose phosphate
and glycolysis (with a more prominent differential
expression in T4) and the anabolic Calvin Cycle (with
a less prominent differential expression at T4), suggest
differences in the metabolism between these two sam-
pling points, i.e., from the early phase of spore forma-
tion to their maturation (Fig. 2).

Primary metabolism during spore formation

In the following, we provide evidence derived from
gene expression analysis for several metabolic pathways
detected in C. socialis during spore formation. The 10
annotated genes with the highest up- and downregu-
lation values in all pairwise comparisons are reported
in Table 2; upregulated genes had a log2(FC) between
13 and 12 both at T3 and T4 and downregulated ones
were not differentially expressed at T2, indicating their
involvement during spore formation. Some of the genes
were present with a high number of isoforms, such as
the high-affinity urea active transporters DUR3 and the
serine/threonine-protein kinases TOR (see Table S6,
S8), suggesting a still high level of redundancy among
transcripts despite the filtering applied in the bioinfor-
matic analysis.

In order to validate the RNA-seq dataset, we tested
the expression of six genes by RT-qPCR in strain
APC12 - used in the RNA-seq experiment—and in the
additional, recently isolated, strain MCAG6. The latter
strain has been chosen to test possible variation in gene
expression due to maintenance in laboratory condi-
tions. Replicate cultures of both strains were collected
when the percentage of spores was comparable to those
obtained at T3 in the RNA-seq experiment (33 and
38% for APC12 and MCAS®, respectively) (Figure S2a,
b). All the tested genes, but Cyclin-dependent kinase 5
homolog, showed expression trends in agreement with
the results of the transcriptomic analysis (Figure S2c,
d; Table S5). However, only two and four out of the six
DEGs tested were significantly differentially expressed
in APC12 and MCAG®, respectively (Figure S2c, d). They
included one of the most differentially expressed high-
affinity nitrate transporter — NRT 2.6—and the sili-
con efflux transporter — LSI3 — which confirmed their
expression in both strains. Differences between the two
strains may be attributed either to physiological vari-
ability or to the fact that APC12 was tested in RT-qPCR
about three years after the RNA-seq experiment and
was thus much older than MCAS6.
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Nitrogen assimilation

Surprisingly, the high-affinity nitrate transporters (NRT5)
in C. socials had a distinctive expression profile in
N-starved conditions as compared to the one detected
in other diatoms ([29, 30]). The assimilation of nitrate
was severely impacted by N stress: three out of the
four NRTs were in fact highly downregulated (log2(FC)
between -12 and -5), both at T3 and T4, with one of
them (high-affinity nitrate transporter 2.6, NRT2.6) being
the most downregulated transcript of the whole dataset
(Fig. 4, Table 2b). NRTs can be constitutive or inducible
in microalgae, as in plants, especially in response to low
N concentration ([29]). Examples among diatoms are T.
pseudonana, Pseudo-nitzschia multiseries and Phaeo-
dactylum tricornutum, which showed upregulation of
these genes in N starvation, with the only exception of
one transcript of P multiseries (Pm 261,779) ([23]). In
the haptophyte Tisochrysis lutea one of the four NTRs
decreased in N depletion, showing an expression profile
matching the decline of the intracellular N:C ratio ([31]).
This ratio markedly decreased also in C. socialis, due to
C accumulation when cells turned into spores ([19]),
suggesting that a similar mechanism could explain the
observed expression profile in our dataset.

We could not detect any low-affinity nitrate trans-
porters (NPFs) in C. socialis, thus confirming the results
recently obtained for various Chaetoceros species in
which NPFs are missing ([33]); this could support the
suggestion that the species of this genus can preferen-
tially use ammonia, possibly from bacteria, as a source
of N in case of fluctuating nitrate concentrations ([34]).
While the expression of ammonium transporters was
somehow variable in our dataset, the high-affinity urea
active transporters DUR3 were upregulated at least in
one sampling point, with two of them already differen-
tially expressed at T2 (Fig. 4, Figure S3a, Table S6).

Several transcripts coding for glutamine synthetase
(GS) and glutamate synthase (GOGAT), key enzymes
in N assimilation, have been detected (Fig. 4, Table S6).
Among the GS transcripts, one transcript coding for
GSIII showed a 1og2(FC) of 8 at T3 and T4 versus con-
trol, as reported for T. pseudonana proteome ([35]) and
for the cyanobacterium Synechococcus ([36]) during the
early phase of N starvation. Hockin et al. ([35]) suggested
that in T. pseudonana this gene participates in the assimi-
lation of ammonium obtained by intracellular catabolic
processes, in combination with a NAD(P)H-GOGAT
. It should be noted, however, that opposite results were
obtained at transcriptional level for the same gene in T.
pseudonana ([23]). In our dataset, only a chloroplastic
ferredoxin-GOGAT enzyme displayed a similar positive
trend at all sampling points (log2(FC) from 5 to 7), while
the other enzymes using NADH as cofactor showed only
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represent upregulated pathways in C. socialis

slight positive regulation at T3 (Fig. 4, Table S6). It can
thus be hypothesized that C. socialis, like other diatoms,
recovers most of N by recycling the internal pools, as fur-
ther suggested by the protein ubiquitination (Fig. 2) and
the hydrolysis of urea by urease, over-expressed at T3 and
T4 with log2(FC) close to 5 (Fig. 4, Figure S3a, Table S6).
On the other hand, despite the upregulation of urease,
the urea cycle transcripts did not appear differentially
expressed (Fig. 4) in accordance with the observations
in T. pseudonana ([23]). Another important source of N
could be the ammonia obtained from the breakdown of
phosphoethanolamines through the ethanolamine-phos-
phate phospho-lyase, an enzyme showing a log2(FC) > 12
when spores were detected at T3 and T4 (Figure S3a,
Table S6). These different evidences of recovering N by
recycling the internal pools contribute to explaining the
fact that the internal N pool during spore formation in C.
socialis remains constant ([19]).

Tricarboxylic acid cycle (TCA)

The TCA cycle is responsible for generating energy
through the oxidation of pyruvate to form CO,, ATP,
NADH, and carbon skeletons used for biosynthetic pro-
cesses. This pathway was overexpressed during the time
course of the experiment (Fig. 2). The upregulation of two
isocitrate lyases with log2(FC)s of 4 and 8, respectively,
only when spores were present (i.e., T3 and T4) could
imply that the glyoxylate cycle, a variant of the TCA cycle

that uses lipids as a source of energy, is preferred by dia-
tom spores (Figure S3b, Table S6). The upregulation of
transcripts such as the mitochondrial short-chain specific
acyl-CoA dehydrogenase (log2 (FC) 2 and 6 in T3 and
T4, respectively) and the peroxisomal multifunctional
enzyme type 2 (MFE-2) that increased progressively from
T2 reaching log2(FC) of 6 at T4, suggest the involvement
of the beta-oxidation of fatty acids in feeding the glyoxy-
late cycle with acetate molecules (Figure S3c, Table S6).
Indeed, a calcium-independent phospholipase A2-gamma
responsible for membrane lipid degradation has been
found among the most up-regulated genes (Table 2) with
log2(FC) reaching values>12. These metabolic changes
are consistent with those detected during the formation
of resting stages (pellicle cysts) in the dinoflagellate Scrip-
siella trochoidea ([37]).

Carbon skeletons

Part of the carbon skeletons for sustaining the cells were
obtained from the degradation of chrysolaminarin, the
principal storage compound of diatoms. The exo-1,3,-
beta-glucanases, presumed enzymes responsible for its
degradation ([38]), were found with ten different tran-
scripts, eight of which were upregulated particularly
when spores were present with log2(FC) ranging from 1.9
to 6 (Figure S3d, Table S6). These skeletons most prob-
ably feed the glycolysis and the pentose phosphate path-
ways, both with upregulated enzymes (Fig. 2).
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The pentose phosphate pathway produces NADH and
pentose sugars in the oxidative and reductive phases,
respectively. Among the sugars produced, the ribose
5-phosphate is the precursor of nucleotides and thus
essential for DNA replication and transcription. In anal-
ogy to what was observed in N-starved P tricornutum
([22]), enzymes involved in the oxidative pathway—
two glucose-6-phosphate 1-dehydrogenases and two
6-phosphogluconate  dehydrogenase decarboxylating
1, one chloroplastic and one cytosolic—were upregu-
lated at T3 and T4 with log2(FC) spanning from 2 to 7
(Figure S3d, Table S6). Transcripts of the non-oxidative
part were instead generally downregulated, except for
one chloroplastic transketolase, which is responsible for
the production of D-xylulose 5-phosphate and D-ribose
5-phosphate and that showed a log2 (FC) increasing from
2 in T2 to 8 in T4; this latter molecule is the precursor
of nucleotide biosynthesis, essential for the formation of
spores.

Cell wall

One of the most relevant changes during the formation
of spores is the deposition of two thick heteromorphic
siliceous thecae that confer mechanical protection to the
spores. Metabolites such as spermidine and long-chain
polyamines (LCA) are involved in the synthesis of the
organic component of the siliceous cell wall and their
synthesis is connected to the urea cycle and the TCA
cycle ([39]). Evidence of spermidine production, another
polyamine, came from the upregulation of several sper-
midine synthases, especially when spores were present
(Fig. 4, Figure S3e, Table S6). Furthermore, polyamines
transporters and polyamine oxidases, involved in the
regulation of their intracellular concentration, showed
high log2(FC) at T3 and T4. The deposition of new silica
thecae of the spores was supported also by the simultane-
ous increase of two silicon efflux transporters (LSI), with
log2(FC)between 4 and 5, and of several other transcripts
presenting the InterPRO domain ‘Silicon transporter’
(IPR004693) with extremely high log2(FC) (up to 11)
(Figure S3e, Table S6).

Chemical signaling

Pathways related to oxylipin production

There are several examples of chemically mediated
communication in unicellular organisms ([40]), with
some of them having a critical role in dormancy ([41]).
In diatoms, the most studied infochemicals related to
intra- and inter-specific communication are compounds
belonging to the oxylipin family [42], which include
polyunsaturated aldehydes (PUAs) and linear oxygen-
ated fatty acids (LOFAs), both derived from the oxygena-
tion of fatty acids ([43]). The first step of their synthesis
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derives from the oxidation of membrane lipids, through
several enzymes among which a crucial role is played
by lipoxygenases. The production of LOFAs has been
reported for C. socialis, although the enzymatic pathway
involved is still unknown ([44]). A single-copy lipoxy-
genase with an extremely high log2(FC) (>10) has only
been detected when spores were present (i.e. T3 and T4),
supporting the hypothesis of oxylipin-mediated signal-
ling as the trigger of spore formation (Figure S4a, Table
S7). The formation of spores occurs under N limitation,
a stress condition that induces cell lysis and mortality,
whose rate has not been possible to quantify in our study.
The shift from vegetative cells to spores occurs also when
C. socialis is attacked by viruses, which induce cell death
([20]), and when exponentially growing cultures are
inoculated in culture medium obtained from sonicated
vegetative cells at high concentration ([19]). All these
experimental conditions share the presence of lysed/dead
cells in which oxylipins can be produced following mem-
brane breakage, corroborating the involvement of these
infochemicals in determining this life cycle transition in
C. socialis.

In addition to the overexpression of the lipoxyge-
nase, several aldehyde dehydrogenases (ALDHs), plau-
sibly linked to the detoxification from oxylipins, showed
log2(FC) spanning form 2 to 13 especially at T3 and T4
(Figure S4a, Table S7). These enzymes are very conserved
all over the phylogenetic tree of life and have a variety of
functions, spanning from detoxification against oxida-
tive stress ([45]), to being markers for highly proliferating
stem cells and cancer cell phenotypes ([46] and reference
therein). We hypothesize that the simultaneous produc-
tion of LOFAs and ALDHs in C. socialis can be attributed
to the presence in the culture of cells undergoing differ-
ent fates: LOFAs could be produced by lysed N starved
cells as a response to stress, while the ALDHs by the frac-
tion of cells that ‘react’ to stress starting a series of intra-
cellular cascade signals that lead to spore formation.

Oxidative stress and programmed cell death (PCD)

The presence of transcripts encoding for antioxidant
enzymes revealed oxidative stress during spore for-
mation; however their expression pattern is at times
contrasting. The peroxiredoxin-6 and the quinone oxi-
doreductase PIG3 were among the most overexpressed
genes in the dataset (Table 2a), and two chloroplastic
enzymes—a glutathione synthetase and a thioredoxin-
like 2-1 — had log2(FC)s ranging from 5 to 7 especially
at T3 and T4 (Figure S4b, Table S7). However, besides the
downregulation of tocopherol biosynthesis pathway men-
tioned above, a mitochondrial cytochrome c peroxidase
(Table 2) and a peroxiredoxin-2E-2 (Figure S4b, Table S7)
were also downregulated.
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Diatoms have a surveillance system based on Ca®'
and nitric oxide (NO), which helps to monitor stress
levels within the population, and, above a certain
threshold level, cell death is induced in the popula-
tion ([47, 48] [42]). Although only one out of the three
nitric oxide synthases present in C. socialis was weakly
upregulated (log2(FC) up to 2.7) in T3 and T4, several
Ca’'-dependent protein kinases have been found with
log2(FC)s ranging from 2 to 12, with the highest val-
ues detected when spores were present (Figure S4b,
Table S7). Evidence for PCD comes from the finding of
programmed cell death proteins with log2(FC)s from
1.5 to 6, especially in T3 and T4, and from metacaspase
1 with transcripts having log2(FC) spanning from 1.7 to
7. In our experiments we only quantified cells with cyto-
plasmic content that could also include lysed and dying
cells; attempts to quantify the rate of dead cells with
Sytox green in epifluorescence light microscopy were not
reliable.

The contrasting expression profile of some antioxi-
dants transcripts and the presence of PCD-related genes
suggest, once more, that within the population that are
cells undergoing different fates, which hampers a precise
interpretation of the biological meaning of the signals.
Our interpretation is that stress conditions induced by
N limitation induce oxidative stress; some cells can cope
with it and survive increasing the production of antioxi-
dants and forming resting spores, while in others PCD is
induced. Similarly, a pH stress induces oxidative stress in
the dinoflagellate Peridinium gatunense with cells either
turning into resting cysts or dying via PCD ([49]).

Genes involved in quiescence

Quiescence, i.e. a reversible state in which a cell does not
divide but retains the ability to re-enter cell proliferation,
presents very conserved molecular features among evo-
lutionary distant organisms ([3]). For example, both qui-
escent mammalian cells and yeasts arrest the cell cycle in
G1, condense chromosomes, reduce rRNA synthesis and
translation and activate autophagy mechanisms becom-
ing more resistant to different stresses ([3] and references
therein). Similar features were recorded in the C. socialis
transcriptome, as shown by the presence of genes related
to autophagy, i.e., genes related to the recycle of inter-
nal compounds, together with the nuclear and cell wall
rearrangement observed during spore formation. Among
conserved pathways that have been related to quiescence
in yeasts, there are several serine/threonine-protein
kinases TOR; the activity of this enzyme decreases in N
starved Saccharomyces cerevisiae, inducing the forma-
tion of spores ([50]). Different transcripts related to TOR
showed a marked positive expression (log2(FC)s from 3.5
to 6) when spores were present (T3 and T4) (Figure S5,
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Table S8). However, the same trend was observed for its
inhibitor GATOR supporting once more the fact that dif-
ferent signals are produced by cells undergoing different
fates, i.e. dying cells and cells that turn into spores.

Recent studies on resting cells in the dinoflagellate
Scrippsiella trochoidea and the diatom P tricornutum
reported the possible involvement of the phytohormone
abscisic acid (ABA) in regulating the transition between
active cell division and quiescence ([37, 51, 52]). This
molecule is a well-known signal initiator in seed dor-
mancy but it is still poorly studied in microalgae ([37]).
In C. socialis, the expression of 9-cis-epoxycarotenoid
dioxygenase, the rate-limiting enzyme of the ABA bio-
synthetic pathway, increased concomitantly to spore
production (log2(FC)s from 2.6 to 6 in T3 and T4 versus
control comparisons); the farnesyltransferase subunit
beta is an essential part of the farnesyltransferase com-
plex, an ABA negative regulator and maintained high
log2(FC)s (from 5.3 to 6.7) at the same sampling points
(Figure S5, Table S8).

Comparison with Thalassiosira pseudonana

To gain insights into the molecular mechanisms involved
in spore formation, we compared our dataset to the
one produced for T. pseudonana, a centric diatom that
does not produce resting spores and for which a similar
experimental set-up was used ([23]). Bender et al. ([23])
compared the expression profile of T. pseudonana at the
onset of the stationary phase in N-limiting conditions to
the one obtained in the mid-exponential phase in nutri-
ent replete conditions; these sampling points correspond
to the beginning of spore formation in T3 and the control
collected on day 2, respectively. A total of 338 upregu-
lated and 577 downregulated genes (out of 4124 DEGs) in
T. pseudonana had an ortholog counterpart in the spore
former C. socialis (Fig. 5a), but only 157 and 120 genes,
respectively, had an annotation in C. socialis (Table S9);
about 40% of these orthologs showed the same trend in
both species(Fig. 5 b, c).

Among the upregulated transcripts of 7. pseudonana
with the same trend in C. socialis, the log2(FCs) ranged
from 2 to 11 and genes were linked to ribosome biogen-
esis, regulation of transcription and regulation of cell
cycle. Orthologs sharing common downregulation, with
log2(FC) spanning from -8 to -1.5, were related to fatty
acids, tocopherol and amino acid biosynthesis, together
with genes related to the chloroplast components and
photosynthesis such as the ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit N-methyltrans-
ferase (RuBisCO methyltransferase) (Table S9). These
data generally confirm the metabolic response obtained
with the pathway analysis and GO enrichment analysis in
C. socialis.
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No information could be gained from the analysis of
upregulated transcripts showing an opposite trend in
C. socialis (Figure S6a) due to the scanty annotation
and weak induction (log2(FC) > -3) in the latter species.
The degree of expression of the downregulated genes of
T. pseudonana upregulated in C. socialis (Figure S6b)
showed log2(FC) spanning from 2 to 15, and included
genes related to mitotic division, DNA replication and
fatty acid oxidation (Table S9). This result supports the
fact that in T. pseudonana there is no evidence for the
mitotic cell division that accompanied spore formation
in C. socialis. Noteworthy is the fact of the several DEGs
related to N metabolism manually found in C. socialis
(Fig. 4), only two transcripts, the urease accessory pro-
tein F and the mitochondrial ornithine transcarbamylase,
had an ortholog counterpart in T. pseudonana presenting
the same trend in both species.

These observations suggest that the comparison
between the two transcriptomes has to be taken with
caution due to the high redundancy of transcripts in
our dataset that could be reduced when the C. socialis
genome becomes available.

Conclusion

The results of our study provide a first insight into the
metabolic pathways activated in the centric diatom C.
socialis during the transition from vegetative growth to
the formation of resting spores. Genes related to pho-
tosynthesis and nitrate assimilation were down-regu-
lated when spores were produced and the concomitant
upregulation of a glutamine synthetase (GS), ureases,
ethanolamine-phosphate phospho-lyase suggests that N
is recovered by recycling internal pools. The upregulation
of spermidine synthases and polyamines transporters,
together with silicon transporters and the enrichment of
terms related to cell division provide functional evidence
for the active synthesis of the spores’ siliceous walls.
Transcriptome data also provided evidence for signaling
cues and mechanisms possibly involved in the formation

of Chaetoceros spores. A highly overexpressed lipoxyge-
nase together with several aldehyde dehydrogenases were
detected during spore formation, suggesting the involve-
ment of oxylipins as chemical cues. The detection of dif-
ferent transcripts related to the serine/threonine-protein
kinase TOR together with its inhibitor (GATOR) suggests
their possible involvement in the formation of diatom
spores, in analogy to their role in the induction of quies-
cence in yeast.

The expression profile of a number of genes was in
apparent contrast, i.e., the overexpression of transcripts
related to cell division and PCD, or the contrasting
expression profile of some antioxidants transcripts. The
complex molecular signals detected in our dataset can
be explained by the simultaneous presence at T3 and
T4 of distinct cell types undergoing different fates. Also
within a genetically identical population of unicellular
organisms, physiologically and phenotypically different
cells often co-exist [53]. Examples are cells with different
susceptibility to oxidative stress [54], the differentiation
of morphologically and functionally different life stages
in budding yeast following nutrient deprivation [55], or
even the differentiation of gametes during the sexual
phase of diatoms [56]. We hypothesize that in C. socialis,
vegetative cells negatively impacted by N starvation pro-
duce chemical signals that determine the transformation
into resting stages of a fraction of the population. As a
consequence, contrasting genetic programs are detected
in the transcriptomic dataset.

In our experiments the formation of spores was
induced by N depletion and we present an overview of
the metabolic response that takes place under this spe-
cific experimental condition. This set up allowed to iden-
tify only a limited number of pathways putatively related
to spore formation but provides the first transcriptomic
dataset that can be used in further comparative experi-
ments testing the formation of spores induced by other
biological cues (e.g., ([19, 20]). Detailed investigations at
the level of individual cells, taking advantage of recently
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established protocols, which allow the isolation of the
nuclei ([57]) and the consequent possibility to carry out
RNA-seq approaches on the distinct sub-populations,
together with the availability of the genome of C. socialis,
will hopefully enable to advance our understanding of the
molecular mechanisms that regulate this important life
cycle transition.

Materials and methods

Experimental set-up, RNA extraction and sequencing

The experiment was carried out using a newly estab-
lished clonal strain of C. socialis, APC12, genotyped by
sequencing the LSU rDNA region ([21]). A non-axenic
stock has been maintained in a culture chamber at
18 +2 °C, under sinusoidal illumination (12L:12D h pho-
toperiod,~90 umol photons:m~2 s7! daily average) in
control medium made with artificial seawater at a salin-
ity of 36 (Sea salts, Sigma-Aldrich; [21]) and with the
following concentration of inorganic nutrients: 580 uM
of NaNO,, 300 pM of Na,SiO; and 29 uM of NaH,PO,.
An exponentially growing culture was used to inoculate,
at an initial cell density of ~3 x 10° cells-mL ™", three 5 L
glass flasks filled with 3 L of control medium and three
flasks filled with low nitrate medium (23 pM of NaNO,,
300 uM Na,SiO3, 29 uM NaH,PO,). Temperature and
light conditions were monitored during the experi-
ment with a HOBO Pendant® Temperature/Light Data
Logger. To estimate cell concentration, 4 mL of sample
were collected every day, fixed with 1.6% formaldehyde
solution, and vegetative cells and spores were enumer-
ated using a Sedgwick-Rafter chamber on a Zeiss Axi-
ophot (ZEISS, Oberkochen, Germany) microscope at
400 x magnification.

Total RNA was extracted from each replicate of the
control in mid-exponential growth phase at day 2 (C2)
and from the replicates growing in N deplete condi-
tions on three consecutive days: before the formation
of spores (T2), when spore formation started (T3), and
when they reached >75% of the whole population (T4)
(Fig. 6). A total of ~1.2 x 10 cells were harvested from
each replicate by filtration onto 1.2 um pore size filters
(RAWP04700 Millipore) and extracted with Trizol™ (Inv-
itrogen) following manufacturer’s instructions. A DNase
I (Qiagen) treatment was applied to remove gDNA con-
tamination, and RNA was further purified using RNeasy
Plant Mini Kit (Qiagen). All samples were quantified with
Qubit® 2.0 Fluorometer (Invitrogen) and quality checked
with an Agilent 2100 bioanalyzer (Agilent Technologies,
California, USA) and a NanoDrop ND-1000 Spectro-
photometer (Nanodrop Tecnologies Inc., Wilmington,
USA). Samples were then pooled in equal concentrations
of 100 ng-pl~! for sequencing at the Molecular Service of
Stazione Zoologica with an Ion Proton™ sequencer (Life
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Technologies, Carlsbad, USA) using an Ion P1 sequenc-
ing Kit v2, generating single-read sequences. Highly
abundant ribosomal RNAs (rRNA) were removed from
total RNA by positive polyA + selection. Raw reads com-
ing from each replicate were collected in fastqc format
files. One of the T3 replicates was removed from down-
stream analyses due to a sequencing error during library
construction. The resulting raw reads were deposited in
the Sequence Read Archive (SRA) partition at NCBI with
the accession number PRJINA826817.

Reads quality check, transcriptome assembly

and functional annotation

The reads quality check was performed using FASTQC
([58]). A trimming step of the low-quality bases at 5’ and
3" was performed using Trimmomatic ([59]). Low-qual-
ity nucleotides were trimmed from the ends of the reads
(first 8 bases), setting the minimum quality per base at a
Phread score of 20 and minimum and maximum length of
the reads after cleaning at 25 bp and 240 bp, respectively.
Cleaned reads were assembled into transcript sequences
using Trinity v.2.11.0 ([60]) with in silico read normali-
zation, setting the -min_kmer_cov parameter at 2. The
clustering of the transcriptome was performed using
the CD-hit-est software (v. 4.6.8, [61],) with 90% identity
threshold in order to remove transcriptome redundancy.
The whole transcriptome was aligned with BLASTx soft-
ware ([62]) versus the Uniprot SwissProt database (down-
loaded in July 2020), setting the e-value threshold to le™>.
A filtering step was performed at this stage for remov-
ing all the matches against bacterial sequences from the
transcriptome.

The prediction of the encoded proteins from the assem-
bled transcripts was obtained via TransDecoder v 5.3.0
(https://github.com/TransDecoder/TransDecoder/relea
ses). Coding sequences were identified by the software
based on: 1) a minimum length Open Reading Frame
(100 by default to minimize the number of false posi-
tives); 2) an internal score system; 3) if a candidate ORF
is entirely included within the coordinates of another
candidate OREF, the longer one is reported. The functional
annotation of the predicted proteins was performed by
InterProScan (version 5.33) ([63]).

Differentially Expressed Genes (DEGs) calling, gene
ontology enrichment and comparative analysis

All the cleaned reads were mapped on the assembled
C. socialis transcriptome using the Bowtie2 aligner
(default settings, [64]). Reads count and FPKM calcu-
lation per tag for each replicate was performed using
the eXpress software ([65]). DEGs calling was per-
formed using two tools implementing two different
statistical approaches: DESeq2 ([66]) and edgeR ([67]).
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The mean of the log2 FC values (log2(FC)) obtained
with the two tools was calculated for each transcript.
The thresholds for the DEGs calling were FDR <0.05,
P-adjusted <0.05, and log2(FC) > 1.5|. The union of the
DEGs detected by both programs was retained.

A Gene Ontology enrichment analysis of the detected
DEGs was performed with Ontologizer software ([68]).
The threshold used to identify significantly enriched
functional terms was P <0.05. Genes known to be
related to different metabolic pathways were manually

searched within the transcriptome considering their
SwissProt annotation.

A comparative analysis was performed between the
transcriptomes of C. socialis and T. pseudonana, which
was also studied in nitrogen-limited experimental con-
ditions ([23]) in non-axenic conditions. The predic-
tion of orthologs was carried out by COMPARO, an
in-house software written in python programming lan-

guage ([69]).
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Real-time qPCR

Six DEGs were validated through a real-time qPCR anal-
ysis (Table S5). Three DEGs were randomly chosen, in
addition to the most downregulated high-affinity nitrate
transporter (NTR2:6) and one NADH-nitrate reductase,
which are related to nitrate uptake, and a silicon efflux
transporter (LSI3) related to the deposition of silicon in
spore valves. Two genotyped strains of C. socialis, namely
APC12 and MCAG6 were used for this purpose: the for-
mer strain is the one used for the transcriptome experi-
ment, while MCAG is a freshly established strain isolated
at station LTER-MC in the Gulf of Naples and for which
the D1-D3 region of the nuclear-encoded large subunit
ribosomal DNA (partial 28S rDNA) has been sequenced
as in [70] to confirm its identity.

Triplicate cultures of both strains were maintained in
control and low N media, with the same nutrient con-
centrations used for the RNA-seq experiment. Cells were
harvested on day 2 in the control, when the percentage of
spores was zero, and on day 3 in the treatments, when the
percentage of spores was~ 33 and ~38% for APC12 and
MCAG, respectively, corresponding to the ones recorded
at T3 of the transcriptome experiment. RNA extraction
and purification were performed as illustrated above.
Total RNA was reverse-transcribed using the Quanti-
Tect® Reverse Transcription Kit (Qiagen, Venlo, Lim-
burgo, Nederlands).

RTqPCR amplification was performed with cDNA
diluted 1:10, in a 10 pl reaction containing each primer
at a final concentration of 1 pM and Fast SYBR Green
Master mix with ROX (Applied Biosystems) using a
ViiA™ 7 Real-Time PCR System (Applied Biosystems by
Life Technologies, Carlsbad, CA, USA) and the following
cycling parameters: 95 °C for 20 s, 40 cycles at 95 °C for
15,60 °C for 20 s, 95 °C for 15 s, 60 °C 1 min, and a gra-
dient from 60 °C to 95 °C for 15 min. Raw results were
processed using the ViiA™ 7 Software and exported into
Microsoft Excel for further analyses. The reference gene
used was the tubulin gamma chain (TUB G) designed
using sequence information from the transcriptome and
the software Primer3Plus v.2.4.2 ([71]). The sequences
for the forward and reverse primers are 5- TGCAGA
GTTTGGTCGATGAG -3’and 5-GGAAGCCAAAGA
GTCTGCTG-3; respectively, yielding a PCR product
of 197 bp (Table S5). Primers for all other tested DEGs
were designed using the same approach. log2(FC)s were
obtained with the Relative Expression Software Tool-
Multiple Condition Solver (REST-MCS) ([72]). A pair-
wise fixed reallocation randomisation test has been used
to identify statistically significant results (P <0.05).
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Abbreviations

NTR High-affinity nitrate transporter
ALDHs Aldehyde dehydrogenases

GO Gene ontology

DEGs Differentially expressed genes
FC Fold change

NPFs Low-affinity nitrate transporters
DUR3 Urea active transporters

GS Glutamine synthetase

GOGAT Glutamate synthase

TCA Tricarboxylic acid

MFE Multifunctional enzyme type
LCA Long-chain polyamines

LSls Silicon efflux transporters

PUAs Polyunsaturated aldehydes
LOFAs Linear oxygenated fatty acids
PCD Programmed cell death

NO Nitric oxide

TORC1 Target of rapamycin complex |
ABA Abscisic acid

RTgPCR Real-time quantitative polymerase chain reaction
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