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Abstract

In the ocean, Bacillariophyta are one of the most successful protistan groups. Due to their considerable biogeochemical
implications, diatom diversity, development, and seasonality have been at the center of research, specifically large-sized species.
In comparison, nanoplanktonic diatoms are mostly disregarded from routine monitoring and are often underrepresented in
genetic reference databases. Here, we identified and investigated the temporal dynamics of relevant nanodiatoms occurring in the
Western English Channel (SOMLIT-Astan station). Coupling in situ and laboratory approaches, we revealed that nano-species
from the genera Minidiscus and Thalassiosira are key components of the phytoplankton community that thrive in these coastal
waters, but they display different seasonal patterns. Some species formed recurrent blooms whilst others were persistent year
round. These results raise questions about their regulation in the natural environment. Over a full seasonal cycle at the monitoring
station, we succeeded in isolating viruses which infect these minute diatoms, suggesting that these mortality agents may
contribute to their control. Overall, our study points out the importance of considering nanodiatom communities within time-

series surveys to further understand their role and fate in marine systems.

Introduction

Within the context of global change, understanding the
mechanisms that influence the dynamics of carbon export
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from the photic layers to the ocean floors is of prime
importance. Diatoms, which form massive blooms,
have long been recognized as major drivers of the
biological pump, especially in productive marine ecosys-
tems [1-3]. Nevertheless, all species do not contribute
equally to the export of carbon [4]. Sinking rates depend on
diverse parameters such as the cell size and shape, the
degree of valve silicification, and also their ability to pro-
duce chains [4].

Until recently, studies that aimed at describing and
understanding diatoms species dynamics and long-term
variability have mainly focused on large-sized species (>20
um) that belong to the micro-phytoplanktonic community
(see for example refs. [5—8] for communities of the English
Channel and North Sea). Taking into account the nano-
planktonic diatoms (ranging between 2 and 20 um) in rou-
tine microscopy-based analyses is more challenging,
especially for species at the very lower end of the size range
2-5 um because they are both difficult to detect and iden-
tify. Still, several studies, generally involving electron
microscopy and in some cases culture experiments, have
revealed the importance of nanodiatom species in natural
assemblages from different marine regions [9-11]. The
genus Minidiscus, that includes the smallest known marine
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diatom species [12] with cell sizes ranging generally from 2
to 5 um [13-15] appears to be particularly widespread in the
world’s oceans [9, 14-20]. It belongs to the Thalassiosir-
aceae family, which also encompasses the emblematic
genus Thalassiosira (about 170 species described [21]).
Minidiscus can even produce intense blooms in turbulent
eutrophic environments [9, 22]. Contrarily to common
assumptions, these primarily solitary nanodiatoms also
contribute to carbon export in the deep ocean most likely
due to their ability to form aggregates [9]. This conclusion
is supported by recent metabarcoding analyses of the Tara
Ocean expedition where sequences assigned to Minidiscus
(and other nanodiatoms) were retrieved in abundance both
from surface and mesopelagic samples. At a global scale,
sequences of Minidiscus were the 21st and 8th most
abundant diatom sequences within the Tara Ocean
dataset respectively in surface and in mesopelagic samples
[9, 19].

Metabarcoding could indeed greatly improve our
knowledge of the diversity and dynamics of nanodiatom
species in the marine environment. However, the correct
assignment of barcodes to species is a prerequisite and
highly dependent on the availability of reference sequences.
Few nanodiatom representatives have been brought into
culture, and the large majority of this group remains
uncharacterized genetically to date. To our knowledge, the
sequences of the 18S ribosomal RNA gene of 4 of the 11
known Minidiscus species were available in the GenBank
sequence database prior to our study. Unfortunately, for
most of those sequences, taxonomic annotations to species
level or even to genus level were not kept up-to-date. As a
consequence, the global significance of these nanodiatoms
has been most likely largely underestimated by environ-
mental surveys that rely on automatic taxonomic assigna-
tions of barcodes.

In this study, we characterized the nanodiatoms that
thrive at the long-term monitoring SOMLIT-Astan station
located off Roscoff (Western English Channel, WEC).
Using a combination of morphological and molecular
approaches, we show that species of the genus Minidiscus,
and to a lesser extent nanoplanktonic Thalassio-
sira species, dominate the diatom community at this
sampling station. We investigated their dynamics using
metabarcoding data obtained from 2009 to 2016. Mini-
discus and Thalassiosira species showed distinct seasonal
patterns, suggesting different mechanisms involved in
their regulation. A large collection of viruses isolated
from these diatom genera indicate that viral pathogens
may exert an important biotic pressure at this sampling
station. Altogether, these results highlight the necessity of
considering nanodiatoms and the mechanisms involved in
their dynamics to better understand the functioning of
coastal systems.

Material and methods

Environmental isolation and growth conditions of
diatom cultures

Diatom strains were isolated from natural seawater samples
collected at 1 m depth using a 5 L Niskin bottle at the long-
term monitoring SOMLIT-Astan station in the Western
English Channel (48:46:18 N, 3:58:6 W) on May 26, 2015
and over a full seasonal cycle (October 2015-October
2016). Strains were isolated either using flow cytometry
single cell sorting or dilutions. For isolation using flow
cytometry, natural seawater samples were filtered (<50 um)
and diatoms were single cell sorted with a FACS Aria flow
cytometer (Becton Dickinson, San Jose, CA, USA), as
described in Marie et al. [24]. For strain isolation using
dilution, seawater samples were analyzed by flow cytometry
to determine the total photosynthetic cell concentration.
Samples were diluted into K+ Si medium in multiwell
plates in order to obtain a final concentration of 5 and 10
cells per well. After 2 weeks of incubation, algal growth
was monitored using an inverted microscope (Olympus
IX71, Olympus Corporation, Tokyo, Japan). Cultures that
appeared monospecific were selected and maintained in
sterile condition in K 4 Si medium [25] at 18 °C, under a
12:12 h light:dark cycle of 100 umol photons m2s~! pro-
vided by a white fluorescent light (Philips Master TL_D
18W/865). Diatom cultures were deposited in the Roscoff
Culture Collection (RCC, http://roscoff-culture-collection.
org/) (Table 1).

Morphological characterization

Cultures in exponential growth phase were observed using a
light microscope (Olympus BX51, Tokyo, Japan) with 40x
or 100x objectives and a differential interference contrast.
Cultures were imaged with a SPOT RT-slider camera
(Diagnostics Instruments, Sterling Heights, MI, USA).
Cultures were harvested by gravity on a 0.8 um poly-
carbonate filter (Nuclepore, Whatman) and dried for 2 h at
56 °C. The filters were mounted on stubs and adhesive
paper, coated with a metallization process and observed
using a scanning electronic microscopy (SEM, Phenom G2
Pro, PhenomWorld) operating at 10kV. Cell diameters
were estimated from the SEM pictures using ImageJ soft-
ware (https://imagej.nih.gov/ij/).

Molecular analysis
The SSU-18S, full ITS, and partial LSU-28S rRNA gene
markers were amplified by PCR directly on diatom cultured

cells. The primers used were 63F (ACGCTTGTCTCA
AAGATTA) and 1818R (ACGGAAACCTTGTTACGA)
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Table 1 Diatom strains isolated in May 2015 and from October 2015 to October 2016 at the SOMLIT-Astan station. Where indicated, both
morphological and genetic identifications were carried out. In bold, fully characterized strains for each taxon. RCC Roscoff culture collection, LM
light microscopy, SEM scanning electronic microscopy.

Species Strains Isolation date Isolation method Morphological SSU-18S  ITS LSU-28S
identification D1-D3 region
Minidiscus comicus RCC4660 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC4661 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC4662 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC5839 20/11/2015  Dilution Complete Complete
RCC5840 04/12/2015 Dilution Complete Complete
RCC5841 04/12/2015  Dilution Complete Complete
RCC5842 04/12/2015  Dilution Complete Complete
RCC5843 04/12/2015  Dilution Complete
RCC5844 04/01/2016  Dilution Complete Complete
RCC5845 04/01/2016  Dilution Complete Complete
RCC5846 02/02/2016  Dilution Complete
RCC5847 02/02/2016  Dilution Complete Complete
RCC5848 02/02/2016  Dilution Partial Complete
RCC5849 04/03/2016  Dilution Complete
RCC5850 04/03/2016  Dilution Complete Complete
RCC5851 04/03/2016  Dilution Partial Complete
RCC5852 01/04/2016  Dilution Complete Complete
RCC5853 01/04/2016  Dilution Complete Complete
RCC5854 01/04/2016  Dilution Partial Complete
RCC5855 01/04/2016  Dilution Partial Complete
RCC5856 15/04/2016  Dilution Partial Complete
RCC5857 15/04/2016  Dilution Partial Complete
RCC5859 13/05/2016  Dilution Complete Complete
Minidiscus spinulatus RCC4659 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC5860 04/03/2016  Dilution Partial Complete
RCC5861 04/03/2016  Dilution Partial Complete
Minidiscus variabilis RCC4657 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC4658 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC4665 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC4666 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
RCC5862 06/10/2015  Dilution Complete
RCC5863 04/11/2015 Dilution Complete Complete
RCC5864 04/11/2015  Dilution Partial
RCC5865 04/11/2015  Dilution Complete
RCC5866 04/11/2015  Dilution Complete
RCC5867 04/11/2015  Dilution Complete Complete
RCC5868 20/11/2015  Dilution Complete Complete
RCC5869 20/11/2015  Dilution Complete Complete
RCC5870 04/12/2015  Dilution Complete Complete
RCC5921 04/01/2016  Dilution Complete Complete
RCC5871 02/02/2016  Dilution Complete Complete
RCC5872 04/03/2016  Dilution Partial Complete
RCC5873 01/04/2016  Dilution Partial Complete
RCC5875 15/04/2016  Dilution Partial Complete
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Table 1 (continued)

Species Strains Isolation date Isolation method Morphological SSU-18S  ITS LSU-28S
identification D1-D3 region

RCC5876 30/05/2016  Dilution Complete Complete

RCC5877 13/07/2016  Dilution Complete Complete

RCC5878 09/09/2016  Dilution Partial Complete

RCC5879 24/10/2016  Dilution Complete

RCC5880 24/10/2016  Dilution Complete
Thalassiosira RCC5154 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
curviseriata
Thalassiosira cf. RCC4663 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete
profunda

RCC5881 20/11/2015  Dilution Partial

RCC5882 02/02/2016  Dilution Partial

RCC5883 04/03/2016  Dilution Complete Complete

RCC5884 29/04/2016  Dilution Partial Complete

RCC5885 13/05/2016  Dilution Partial Complete

RCC5886 13/07/2016  Dilution Partial Complete
Thalassiosira sp. RCC4664 26/05/2015  Flow cytometry LM, SEM Complete Complete Complete

RCC5887 02/02/2016  Dilution Partial Complete

[26] for the 18S, 329F (GTGAACCTGCRGAAGGATCA)
[27] and D1R-R (TATGCTTAAATTCAGCGGGT) [28]
for the ITS, and DIR-F (ACCCGCTGAATTTAAGCATA)
[28] and D3Ca (ACGAACGATTTGCACGTCAG) [29] for
the partial 28S D1-D3 region. For PCR analyses, the ali-
quots (2.25uL) of diatom cultures in exponential growth
phase were subjected to 95 °C for 5 min for denaturation
and cooled to 4°C. The reaction mixture (30uL final
volume) was then added and included Phusion Master Mix
(1x final concentration, Thermo Scientific), 3% DMSO, and
0.25uM of each primer. PCR amplifications were per-
formed with the following conditions: an initial incubation
step at 95 °C for 5 min, followed by 35 (18S-28S) or 40
(ITS) cycles of denaturation at 95 °C for 30s, annealing
step for 30 s at 55°, 52°, and 57° for the amplifications of
the 18S, ITS and 28S respectively, and extension at 72 °C
for 1 min 30. The cycles were followed by a final extension
step at 72 °C for 10 min. PCR products were sent for Sanger
Sequencing to GATC Biotech (https://www.gatc-biotech.
com/en/index.html, Constance, Germany). Sequences were
analyzed using Geneious 9.1.3 and relatives were searched
in GenBank using the BLASTn tool (https://blast.ncbi.nlm.
nih.gov/Blast.cgi).

Phylogenetic analysis

In order to determine the taxonomic positions of the diatom
strains, new DNA sequences of the 18S and of the partial
28S rRNA gene markers were aligned with sequences of
other Thalassiosirales (Table S1). The sequence alignments
for each gene were generated by the MAFFT version 7

program and with automatic alignment strategy (the L-INS-i
iterative refinement method was calculated for both genes)
(https://mafft.cbrc.jp/alignment/server/ [30]). For each gene,
a phylogenetic reconstruction was performed on the 1590
and 534 aligned nucleotides (18S and 28S respectively) by
maximum likelihood with PhyML 3.0 (http://www.atgc-
montpellier.fr/phyml/ [31]), with the automatic model
selection by SMS [32] and 1000 bootstrap replicates.
MEGAY7 (ref. [33]) was used to visualize the final tree. For
the concatenated tree (18S +28S), a GTR model was
applied to the alignments with 1000 bootstrap replicates.

Temporal dynamics

To study the seasonal dynamics of nanoplanktonic diatoms,
we used the SOMLIT-Astan eukaryotic metabarcoding
dataset (see Caracciolo et al. [34] for detailed protocols of
data acquisition and processing). Briefly, between 2009 and
2016, sea surface water (5L) was sampled and filtered
through 3 pm polycarbonate filter (Whatman). Filters were
preserved in a lysis buffer at —80 °C until DNA extraction.
Nucleic acids were extracted from the filters using a
phenol-chloroform method and DNA was then purified
using filter columns from NucleoSpin~ PlantIl kit
(Macherey—Nagel) following a modified protocol. DNA
extracts were used as templates for PCR amplification of the
V4 region of the 18S rRNA (~380bp) using the primers
TAReuk454FWD1 and TAReukREV3 (ref. [35]). Follow-
ing polymerase chain reactions, DNA amplicons were
purified, quantified, and sent to Fasteris (https://www.fa
steris.com/dna/, Plan-les-Ouates, Switzerland) for high
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throughput sequencing using paired-end 2 x250bp Illu-
mina MiSeq. Sequencing reads were processed following a
metabarcoding pipeline available online (https://github.
com/frederic-mahe/swarm/wiki). Sequences were grouped
into operational taxonomic units (OTUs) using the Swarm
approach [36]. Taxonomical assignment of each OTU was
performed using the Protist Ribosomal Reference (PR?)
database (version 4.7.2) [23]. When taxonomic ranks were
too high (above the genus level), representative sequences
of each OTU were directly compared with the NCBI non-
redundant database using the BLASTn tool. After quality
checking, data corresponding to 25 sampling dates were
removed from the dataset (total number of reads very low
compared to that of other dates). Most of these dates cor-
responded to a period between 2014 and 2015. In total, the
final dataset consisted of 24,795 eukaryotic OTUs
(14,356,643 reads) from 163 sampling dates over the period
2009-2016. Read abundances of OTUs for which sequen-
ces were 100% similar to those of Minidiscus and Tha-
lassiosira strains isolated from our survey were retrieved
from this dataset using the BLASTn tool on Geneious 9.1.3.

Isolations of viruses and morphological features of
virions and infected diatoms

In order to detect the presence of viruses infecting nano-
planktonic diatoms at the SOMLIT-Astan monitoring sta-
tion, we used the established cultures of Minidiscus spp. and
Thalassiosira spp. (Table 1, diatoms highlighted in bold
from May 2015) both to amplify and isolate potential lytic
biological agents (for details, see Arsenieff et al. [37]).
Briefly, pre-filtered (150 um) natural seawater was enriched
with F/2 medium and fresh diatom cultures, and incubated
for 2 weeks under the hosts culture conditions described
above. These enrichment cultures were clarified by suc-
cessive filtrations (GF/F filters, Whatman and 0.22 uym PES
filter, Whatman) and 0.5 mL of the 0.22 um filtered aliquots
were added to 1.5 mL host cultures in 24-multiwell plates.
Cultures were inspected by light microscopy 2 weeks after
inoculation. When algal lysis was observed, three extinction
dilution cycles were carried out to clone the pathogens [38].
New filtrations on 0.22 um were repeated (at least three
times) to verify the transferability of the putative clonal
virus isolates. Viral prospection was conducted using
samples collected between the end of September 2015 and
October 2016.

The morphological features of several viral isolates were
determined by transmission electronic microscopy (TEM).
Fresh viral lysates were filtered through 0.22 pm pore size
filter and concentrated by ultrafiltration (Vivaspin 50 kDa,
Sartorius). Concentrated viral suspensions were negative
stained for 40 s using uranyl acetate (2% w/v) on a copper
grid and observed with a JEOL-JEM 1400 electron
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microscope (JEOL Ltd., Tokyo, Japan) operating at 80kV.
Appropriate controls (uninfected hosts) were also examined
by TEM. To inspect the replication site of these viruses
within their hosts, ultrathin sections of exponentially
growing culture of M. comicus inoculated with a virus strain
were examined (see Arsenieff et al. [37]) for the detailed
protocol). Briefly, after fixation, diatoms were embedded in
Spurr’s epoxy resin and thin sections were obtained. Sec-
tions were mounted on microscopic grids stained with 0.4%
uranyl acetate and studied by TEM.

Accession numbers

Sequences obtained from the eukaryotic nuclear rRNA/ITS
were deposited in the NCBI database: strains RCC4660-
RCC5887 (MN528601-MN528659) for the 18S, strains
RCC4660-RCC4664 (MN528660-MN528670) for the 28S
and strains RCC4660-RCC5887 (MN528671-MN528718)
for the ITS gene marker. 18S sequences of the six diatom
species are being submitted to the PR? reference database
(version 4.13.0 in preparation).

Results

Morphogenetic characterization of nanodiatoms of
the genera Minidiscus and Thalassiosira from
SOMLIT-Astan (WEC)

Three species of Minidiscus (M. comicus, M. spinulatus,
and M. variabilis) and three nanoplanktonic Thalassiosira
species (T. curviseriata, T. cf. profunda, and Thalassiosira
sp.) were identified based on the morphogenetic character-
ization of 11 strains isolated in May 2015 from the
SOMLIT-Astan time-series station (Table 1).

Minidiscus comicus

Morphological features of RCC4660, RCC4661, and
RCC4662 were identical to that of M. comicus [12, 15].
Cells were solitary or aggregated in pairs (Fig. la, b) and
had an ovoid shape when observed in girdle view (Fig. la,
c). The valve was circular and 4.8+0.6 um (n=71) in
diameter (Fig. 1b). The domed valve face was covered by
areolae (Fig. 1b, d). A long and central rimoportula was
surrounded by 3—4 fultoportulae (five fultoportulae in few
specimens). External tubes of the fultoportulae were shorter
than that of the rimoportula. Excretion of mucilaginous
threads by the fultoportulae allowed connections between
cells (Fig. 1a, d).

In our phylogenetic analyses of the 18S, partial 28S and
concatenated 18S + 28S sequences, the strains RCC4660,
RCC4661 and RCC4662 (100% identical 18S sequences)
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2 um

Fig. 1 LM and SEM micrographs of Minidiscus species. M. comi-
cus. a Pairs of cells connected by mucilaginous threads (LM). b, ¢, d
External views of solitary cells (SEM). M. spinulatus. e Aggregated
and solitary cells (LM). f, g, h External valve views. Note the Y-

appeared as a distinct branch in a clade that contained
ribosomal sequences of Skeletonema (Figs. 3a, b, S1). The
partial 28S rRNA gene sequences of these three M. comicus
isolates (sequence similarity 99.9%) gathered with M.
comicus SC72 and MCXMO1 with a high bootstrap (100%
value). They formed, together with a sequence belonging to
M. spinulosus SSBH12, a highly supported sub-clade
(100% bootstrap value) in a clade that included sequences
of the genus Skeletonema (Fig. 3b).

Minidiscus spinulatus

Morphological features of RCC4649 were identical to those
of M. spinulatus [39]. Cells were solitary or aggregated in
colonies of 2-3 cells (Fig. 1le). As described in Park et al.
[39], the valve face was flat, with a circular shape and was
5.3+0.4pum (n=16) in diameter (Fig. 1f). On the valve
face, true areolae were absent and were replaced by gran-
ules or Y-shaped ribs according to the degree of silicifica-
tion of the frustule (Fig. 1f-h). A sub-central rimoportula
with an ellipsoidal shape was adjacent to a central fulto-
portula. External tube of the fultoportula was short and

shaped ribs and the fultoportulae ring on the margin (SEM). M. var-
iabilis. i Solitary cells (LM). j, k, 1 External view of valves. White
arrows: threads connecting cells. Black arrows: Rimoportula. White
arrowheads: Fultoportulae.

surrounded by a hyaline flange. On the valve margin, the
cell possessed a ring of 5-8 fultoportulae (Fig. 1f-h).

In phylogenies reconstructed based on the 18 S rRNA,
partial 28 S rRNA sequences and on the concatenation of
both genes, RCC4659 clustered with two other strains of M.
spinulatus (91% bootstrap value) and were closely related to
sequences of the species M. proschkinae (97% bootstrap
value) and M. variabilis (Figs. 3b, S1).

Minidiscus variabilis

Cells of strains RCC4657, RCC4758, RCC4665, and
RCC4666 were solitary and had a cylindrical shape when
observed in girdle view (Fig. 1i). The valve (3.4 £0.3 um in
diameter, n = 63) presented a sub-central and small rimo-
portula and a varying number of fultoportulae (2—4 and very
rarely 5). For most cells, one fultoportula was located in the
central region of the valve while the others were dispersed
throughout the valve face. The valves were encircled by a
wide and marginal hyaline flange (Fig. 1j-1). Each fulto-
portula had a ring of silica at the base of the external tube.
For the 4 strains examined, the majority of the cells had a

SPRINGER NATURE
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Fig. 2 LM and SEM micrographs of Thalassiosira species. T.
curviseriata. a Chain of cells connected by threads (LM). b External
valve view of solitary cells (SEM). Black arrowhead indicates the
winged fultoportulae. ¢ Girdle view of short chain of cells. d External
view of large and small cells of 7. curviseriata (SEM). T. cf. profunda.
e Long chain of cells (LM). f Solitary cell in a valve view. Note the

tangential-linear areolation, a typical feature of M. triocu-
latus [13] but few specimens (2 valves out of 147 exam-
ined) showed a radial areolation, a typical feature of M.
variabilis [13] (Fig. 11).

The 18S rRNA gene sequences of strains RCC4657,
RCC4658, RCC4665, RCC4666 showed 100% of identity
with the sequence of M. variabilis CCMP495 and differed
from sequences of M. trioculatus at two sites. To be more
precise, in the sequence of M. variabilis CCMP495, an
ambiguous base (Y) was recorded at a site for which our
sequences of M. variabilis and the published sequences of
M. trioculatus had a C. Similarly, the 28S rRNA gene
sequences of the four strains (that were 100% identical)
were also identical to that of M. variabilis CCMP495.

Thalassiosira curviseriata
The morphological features of strain RCC5154 fitted with
that described by Takano [15] for Thalassiosira curviser-

iata. Cells (6.7 + 2.4 ym in diameter, n = 9) were connected

SPRINGER NATURE

large areola adjacent to the central fultoportula (SEM). g, h Girdle
views of chains (SEM). Thalassiosira sp. i Chain of cells (LM).
j Valve external view of a solitary cell (SEM). k, 1 External views of
solitary cells and of cells associated in pair (SEM). White arrows:
threads connecting cells. Black arrows: Rimoportula. White arrow-
heads: Fultoportulae.

in chains by threads (Fig. 2a, c¢). As described in Takano
[15] the circular valve possessed a radial areolation and was
encircled by a hyaline mantle. One or two fultoportulae
were present in the central region while a ring of 3-5 ful-
toportulae was disposed on the margin of the valve face.
Each marginal fultoportula had two conspicuous wings. A
unique rimoportula having a long external process was
located close to a marginal fultoportula (Fig. 2b). A con-
siderable variability in cell size and ornamentation was
observed in culture conditions (Fig. 2d).

Ribosomal DNA gene sequences of T. curviseriata
RCC5154 clustered with other published sequences of
Thalassiosira curviseriata in the 18S and 28S rRNA gene
phylogenetic trees (99% and 98% bootstrap values respec-
tively) (Fig. 3a, b).

Thalassiosira cf. profunda

The morphological features of strain RCC4663 fitted with
that of Thalassiosira profunda [40, 41]. Cells were tightly
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Fig. 3 Phylogenetic position of dominant nanodiatoms isolated in
the Western English Channel. Phylogenetic rooted tree based on the
18S (a) and partial 28S (b) sequences of diatoms from the Tha-
lassiosirales order. Porosira pseudodenticulata and Lithodesmium
undulatum were taken as outgroups. The black stars indicate the
positions of strains for which morphological characterizations were
achieved in the frame of this study. Both Maximum Likelihood trees
were generated using PhyML 3.0 with 1 000 replicates and a GTR +
G + I substitution model according to the SMS analyses. Bootstrap

associated to form long chains and appeared rectangular in
girdle view (Fig. 2e). As in Park et al. [41], valve face was
flat, 3-3.3 um (n = 2) in diameter and was covered by radial
lines of areolae. A ring of marginal areolae was also present
(Fig. 2f). In the central region, a single fultoportula was
adjacent to a large areola (F and H). A ring of fultoportulae
was disposed on the margin (Fig. 2f-h). No rimoportula
could be observed.

The 18S rRNA gene sequence of 7. cf. profunda
RCC4663 was 99% similar to that of Thalassiosira
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values (%) greater than 80 are shown. Scale bars indicate the number
of substitutions per site. Letters in superscript indicate that several
strains had identical sequences. * Minidiscus comicus strains
RCC4660, RCC4661, RCC4662, and RCC5839 to RCC5859. °:
Minidiscus spinulatus strains RCC4659, RCC5860 and RCC5861. ©:
Minidiscus variabilis strains RCC4657, RCC4658, RCC4665,
RCC4666, and RCC5862 to RCC5880. ¢ Thalassiosira cf. profunda
strains RCC4663 and RCC5881 to RCC5886. ©: Thalassiosira sp.
RCC4664 and RCC5887.

profunda X91112. The two sequences formed a highly
supported clade (100% bootstrap support) that emerged in a
clade containing T. anguste lineata, T. nodulolineata, and T.
pacifica (Fig. 3a).

Thalassiosira sp.
Strain RCC4664 had morphological features that fitted with

that of the genus Thalassiosira [42]. Valves of the cylind-
rical cells (5.6+0.7 um, n = 16) that were associated in

SPRINGER NATURE



1974

L. Arsenieff et al.

Fig. 4 Relative contributions
of the five most abundant
OTUs related to
Bacillariophyta at the
SOMLIT-Astan station
(2009-2016). Taxonomic
assignations were based on
comparisons with the PR? or
NCBI databases and with the
reference diatom strains
described in this study.

Other diatoms
60.4%

chains (Fig. 2i, 1) possessed a sub central fultoportula and
one ring of 8-15 marginal fultoportulae (about 1.1 um
apart) with conspicuous external processes. A rimoportula
with a short external tube was located midway between two
marginal fultoportulae (Fig. 2j-1). Valves had a radial are-
olation, with 40-45 areolae in 10 um on valve face and
63-78 areolae in 10 ym on valve mantle.

Our phylogenetic analyses did not provide any additional
information on the affiliation of this strain to known species
in the Thalassiosirales radiation (Figs. 3a, b, S1).

Prevalence and seasonal dynamics of
nanoplanktonic diatoms over the 2009-2016 period

In order to estimate the contribution of the nanoplanktonic
diatoms described in this study to the diatom assemblage at
the SOMLIT-Astan station, we used two strategies. The first
one consisted of analyzing the eukaryotic metabarcoding
data obtained for this site over the period 2009-2016 (in situ
approach). More precisely we investigated the temporal
dynamics of OTUs of which sequences corresponded to
those of the Minidiscus spp. and Thalassiosira spp. cited
above. Our second strategy was to conduct isolations and
genetic characterizations of diatom strains along a full
seasonal cycle (October 2015 to October 2016) (culture
approach).

In situ approach

Sequences assigned to the Bacillariophyta accounted for
16.55% of the 14,356,643 eukaryotic reads and 6.46% of
the 24,795 eukaryotic OTUs obtained using metabarcoding
for the period 2009-2016 at the SOMLIT-Astan time-series.
Exact matches of the V4—18S sequences of the Minidiscus
and Thalassiosira strains isolated from our time-series were
searched in this metabarcoding dataset. OTUs with
sequences 100% similar to those of M. variabilis and M.
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Minidiscus variabilis, 13.2%

i

/
| Thalassiosira minima/
Thalassiosira nordenskioeldii, 6.3%

Minidiscus comicus, 7.5%

Guinardia delicatula, 6.3%

/

Minutocellus polymorphus/
Arcocellulus cornucervis, 6.2%

comicus ranked first and second in read abundance when
considering all diatom reads (13.2% and 7.5% of diatom
reads, respectively) (Fig. 4). The OTUs assigned at 100% to
M. spinulatus, T. curviseriata, and Thalassiosira sp. that we
isolated contributed to 1.3%, 1.9%, and 1.2%, respectively,
of the total diatom reads. No exact match of the 7. cf.
profunda RCC4663 sequence was retrieved from our
metabarcoding dataset. However, a sequence that was
99.7% similar fell in the 7. profunda clade in our phylo-
genetic analyses based upon V4 18S rRNA gene region.
This sequence accounted for 1.6% of all diatom reads.

The relative abundance (to total number of diatom reads)
of M. variabilis appeared highly variable at the SOMLIT-
Astan station over the studied period and no clear seasonal
pattern was detected (Fig. 5c). However, variations in
relative abundance of all other studied OTUs that matched
with the Minidiscus strains isolated showed clear seasonal
patterns. Relative abundances of reads related to M. comicus
peaked during winter, generally from January to March,
while very low values were recorded during the rest of the
year (Fig. 5a). M. spinulatus seemed to develop from
autumn to early spring while lower relative abundances
were recorded during summer (Fig. 5b).

According to molecular analyses, T. curviseriata devel-
opment occurred mainly during spring (late March to early
June) (Fig. 5d) while relative abundances of the OTU
related to T. cf. profunda peaked principally during winter
(Fig. 5e). The seasonal signal of the OTU related to Tha-
lassiosira sp. RCC4664 was less clear. Peaks of relative
abundance were generally recorded during winter
(January—February) and during summer (end of June-early
July) (Fig. 5%).

Overall, all species demonstrated interannual fluctuations
in the amplitude of their seasonal peaks. For example,
relative abundance of T. curviseriata was relatively low
throughout the year 2013 (no spring peak) while excep-
tionally high values were recorded in 2009 and April 2015
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Fig. 5 Dynamics of the nanodiatoms isolated in the Western
English Channel. Variations in relative abundances of the OTUs
related to a. Minidiscus comicus, b Minidiscus spinulatus, ¢ Mini-
discus variabilis, d Thalassiosira curviseriata, e Thalassiosira cf.

and 2016 (Fig. 5d). Similarly, the OTU related to 7. cf.
profunda reached exceptionally high reads relative abun-
dances in early spring 2013 (Fig. Se).

Culture approach

The temporal patterns described above rely on the correct
assignment of OTUs to the targeted species, i.e. on the
assumption that the chosen barcode is sufficiently variable
to distinguish between species. This assumption appears to
be true for the studied nanoplanktonic diatoms. However, a
second strategy developed within this study consisted of
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profunda, and f Thalassiosira sp. at the SOMLIT-Astan station during
the period 2009-2016. Note that metabarcoding data corresponding to
25 sampling dates (mainly between 2014 and 2015) were removed
from the dataset (see “Material and methods™).

culturing dominant nanodiatoms and sequencing their full
18S rRNA gene and ITS spacer. This strategy was adopted
to confirm that the three species of Minidiscus and the three
species of Thalassiosira that we identified were present at
the sampling station, at least during the periods of read
abundance peaks of the corresponding OTUs. It also
allowed us to study the intra-specific genetic variability of
each species over a seasonal cycle. In total, 48 new nano-
planktonic isolates were obtained, from which the 18S
rRNA gene and ITS spacer sequences were analyzed and
compared to those of the fully characterized species recor-
ded at SOMLIT-Astan (Table 1).
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With this strategy, isolates of the three Minidiscus species
as well as of Thalassiosira cf. profunda and Thalassiosira sp.
RCC4664 were obtained (Fig. 6). Nineteen new isolates
whose 18S rRNA gene sequences were 100% similar to those
of M. variabilis RCC4657, RCC4658, RCC4665 and
RCC4666 as well as to that of strain CCMP495 were obtained
(Table 1, Fig. 3a). Cells were isolated throughout the seasonal
cycle, corroborating the dynamics of OTU read abundances
(Fig. 6a, b). The 17 ITS sequences obtained for isolates of M.
variabilis showed very low variability: only two strains
demonstrated one variable nucleotide in the 522 bp alignment.
Isolates for which the 18S rRNA gene sequences matched
100% with that of M. comicus RCC4660, RCC4661 and
RCC4662 (20 isolates) were obtained between end of
November 2015 and May 2016 (Table 1, Figs. 3a, 6b).
Similarly, two strains with the 18S sequences matching 100%
with that of M. spinulatus RCC4659 were isolated in March
2016 (Table 1, Figs. 3a, 6b). These periods corresponded to
blooms of the corresponding species, as suggested by the
metabarcoding data (Fig. 6a). The M. comicus strains isolated
from our SOMLIT-Astan sampling station (RCC4660,
RCC4661, RCC4662, and RCC5839 to RCC5859) showed
99.6% identity between ITS sequences (540 bp), with only
two divergent nucleotide sites. ITS sequences of M. spinu-
latus RCC4659, RCC5860, and RCC5861 were also highly
similar (97.6% identity, 537 bp alignment).

Regarding the genus Thalassiosira, six isolates of T. cf.
profunda and one isolate of Thalassiosira sp. RCC4664
were obtained while no culture of 7. curviseriata could be
established between October 2015 and October 2016
(Fig. 6d, e). The 18S rRNA gene sequences of the six iso-
lates of T. cf. profunda were 100% identical. They were
isolated from winter, spring and early July, when OTU
related to this species was detected in the metabarcoding
dataset (Fig. 6d, e). ITS sequences analysis of strains
RCC4663 and RCC5883 to RCC5886 revealed 95.7% of
identity in the 571bp alignment. The culture related to
Thalassiosira sp. RCC4664 (18S sequences 100% identical)
was isolated in February 2016, a period for which no
metabarcoding data are available (Fig. 6d, e). The 614 bp
ITS alignment of Thalassiosira sp. RCC4664 and RCC5887
indicated a rather high divergence with only 91.9% of
identity, mainly due to an insertion of 46 nucleotides in the
ITS sequence from RCC4664.

Virus isolations along the seasonal cycle at the
SOMLIT-Astan station

Minidiscus viruses were successfully isolated from our
time-series sampling site from the end of September 2015 to
May 2016, which roughly corresponded to the blooming
periods of M. comicus and M. spinulatus (Fig. 6c).
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Fig. 6 Seasonal dynamics of nanodiatoms and viruses isolated
in the Western English Channel. a, d Variations in the read
relative abundances of the OTUs related to Minidiscus species
(upper panel, a) and to Thalassiosira species (lower panel, d) at
the SOMLIT-Astan station during the 2015-2016 period.
b, e Respectively, Minidiscus and Thalassiosira isolates obtained
during the period of our study. The number of isolated strains is
indicated for each species and for each sampling date. ¢, f Virus
isolates obtained respectively from Minidiscus and Thalassiosira
cultures during the studied period. The success in the isolation
procedure is indicated by pentagons while numbers indicate the
number of viral strains still maintained in the laboratory (several
strains were lost a few months after isolation). In b, ¢, e, and f,
vertical dashed lines correspond to dates for which dilution series
were carried out.
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Fig. 7 TEM micrographs of viruses and infected diatom. a Nega-
tively stained particles of the viral strain isolated in October 2015 on
M. spinulatus RCC4659. As all virions displayed similar morpholo-
gical features, micrographs of the other viral strains are not shown.
b Ultrathin section of M. comicus infected by its associated virus.
Arrowheads: viral particles accumulated in the host cytoplasm, F
frustule, M mitochondrion, N nucleus, CH chloroplast.

Interestingly, potential viruses of M. variabilis could not be
isolated after spring 2016 even if this host species remained
abundant throughout the sampling period. Viruses of 7. cf.
profunda and Thalassiosira sp. were isolated between
September 2015 and April 2016 (Fig. 6f) while viruses of T.
curviseriata were isolated during the whole seasonal cycle.

All virions examined using TEM appeared to be untailed
and showed hexagonal outlines. Viruses isolated from sam-
ples collected in October 2015 on M. comicus RCC4662, M.
spinulatus RCC4659, M. variabilis RCC4658 and collected in
September 2015 on T. cf. profunda RCC4663 and T. curvi-
seriata RCC5154 displayed diameters of 31.8+ 1.5nm (n =
39), 30.5+ 1 nm (n=>51), 26.7+1.5nm (n=57), 37.5+2
nm (n=7), and 37.8 £2 nm (n = 43) respectively (Fig. 7a).
No virus like particles were observed in the host controls.
Thin sections of infected M. comicus showed a clear accu-
mulation of viral particles within its cytoplasm 72h post-
inoculation (Fig. 7b), which suggested that these viruses were
likely single-stranded RNA viruses [43].

Discussion
Taxonomy and phylogeny of nanoplanktonic
diatoms from French coasts of the Western English

Channel

Thalassiosirales are important components of phyto-
plankton communities in the Western English Channel and

North Sea [6, 8, 44] and nanoplanktonic species of this
group have been recorded from these regions. This study
revealed the occurrence of three species of Minidiscus
(M. comicus, M. spinulatus and M. variabilis) as well as of
three nanoplanktonic species of Thalassiosira (T. curvi-
seriata, T. cf. profunda, and a possibly new species) at
SOMLIT-Astan, representative of the WEC waters.

Within the Thalassiosirales, the phylogenetic classifica-
tion of genera is still under construction. Both new genera
and emended descriptions of genera have been published
over the last fifteen years [39, 45-50]. Minidiscus is an
example of genus for which the description has been
recently emended [39]. Originally described to include
Thalassiosirales with a rimoportula distant from the margin
and non-marginal fultoportulae, this genus is now dis-
tinguished from other Thalassiosirales mainly by the size of
its valve (<10 um) and both the position and structure of the
rimoportula [39, 51]. However, this genus appears poly-
phyletic with two clades. M. proschkinae, M. spinulatus and
M. variabilis form a monophyletic clade in multigene
phylogenies ([39] and this study), while M. comicus and M.
spinulosus group together in a separate branch affiliated to
species of the genus Skeletonema in phylogenies based on
sequences of the partial 28S rRNA gene ([52] and this
study).

In our study, a set of strains were assigned to species
after examination of valves morphology using SEM.
Comparisons of ribosomal sequences to published refer-
ences served to confirm our conclusions. However, some
inconsistencies were recovered between the morphology
and genetic sequences of the strains that we assigned to the
species M. variabilis (18S sequences 100% similar to that of
M. variabilis but areolation pattern of most valves examined
similar to that of M. trioculatus). We cannot rule out that
our four cultures could contain two lineages (corresponding
to the two species M. variabilis and M. trioculatus) that
would originate from a pool of cells instead of a single cell
sorted using flow cytometry. However, this is improbable
given that the inconsistency between morphology and
genetic characters was encountered for all examined strains
and since the M. trioculatus 18S genotype was not recov-
ered from any of the 49 Minidiscus isolates that we obtained
from our time-series station in the frame of this study (while
that of M. variabilis was obtained for 23 strains). We thus
suggest that the areolation pattern (tangential-linear or
radial) should not be used for the distinction of the species
M. trioculatus and M. variabilis until more analyses of the
morphological and genetic intraspecific variations are con-
ducted. Concerning M. comicus, the morphological and
genetic features of the isolated strains corroborated pub-
lished records [12, 15, 52]. Our phylogenetic analyses,
using both the 18S and 28S genes (only 28S gene sequences
were available in public database prior to this study),
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confirmed the position of M. comicus as a sister species of
M. spinulosus in a branch within the Skeletonema radiation.
This suggests that M. comicus and M. spinulosus should be
transferred to the genus Skelefonema. But before proceeding
to these taxonomic changes, careful examinations of mor-
phological and genetic features of these Minidiscus species
and of all other species (including M. chilensis Rivera,
M. decoratus Chrétiennot-Dinet and Quiroga, M. ocellatus
Gao, Cheng and Chin, M. subtilis Gao, Cheng and Chin and
M. vodyanitskiyi Lyakh and Bedoshvili) are needed to better
understand the evolution and further clarify the taxonomy
of this important genus. Some of these species may have
emerged in different lineages and have evolved convergent
morphological features linked to miniaturization.

A few species of the genus Thalassiosira, with sizes in the
same range as those of the genus Minidiscus (<10 um), have
been described (for example 7. mala Takano, T. profunda
(Hendey) Hasle and T. exigua Fryxell and Hasle). Assignation
of the isolated strains to the species T. curviseriata and T. cf.
profunda was achieved based on the analysis of morpholo-
gical features of the valve and confirmed by genetic char-
acters. However, to our knowledge, the morphological
features and sequences of Thalassiosira sp. RCC4664 and
RCC5887 did not match with those of any described species.
Thus, we suspect that these strains correspond to a new
species or a species not yet sequenced.

These results, and the fact that all nanoplanktonic dia-
toms identified in the frame of this study are new records for
the Atlantic French coasts of the Western English Channel,
point to an undersampling and consideration of nanophy-
toplankton in this region. Given the global importance of
nanoplanktonic diatoms in the oceans [9, 19], these new
data, and in particular the new sequences that were gener-
ated, will help to refine our understanding of the global
nanodiatom distribution and to bridge the gap between
laboratory identification and environmental studies. To this
end, and in order to preserve this important collection for a
long-term period, cryopreservation tests were performed for
both nanodiatom and virus strains (see supplemental
information) and cultures are now available for the scientific
community from the RCC.

Nanodiatoms dominate the diatom community at
SOMLIT-Astan

The diversity and the seasonal variations of micro-
phytoplanktonic diatoms have been well described in the
Western English Channel and North Sea [6, 53-55]. At the
SOMLIT-Astan station, Guinardia (especially G. delica-
tula) and Paralia sp. appear to be key taxa, becoming
dominant in spring/summer and winter respectively [6].
Exploration of metabarcoding data provides a more thor-
ough insight into species diversity including small sized
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organisms that are usually overlooked using traditional
microscopy observations. One of the major findings of this
study was that nanodiatoms, and more specifically Mini-
discus species, largely dominate the diatom community.
According to our analyzes of the 8 year metabarcoding
survey M. variabilis and M. comicus were dominant spe-
cies, given the contribution of their read abundances which
reached almost 21% of the total diatom reads during the
2009-2016 period. The reads contribution attributed to M.
variabilis alone even exceeded G. delicatula read abun-
dance by twofold (see Fig. 4). This minute species ranked in
the top five most abundant phytoplankton species at
SOMLIT-Astan. Although the contribution of M. spinulatus
and nanoplanktonic species of Thalassiosira were less
important, they still ranked amongst the top 20 major dia-
tom OTUs. Present results support the hypothesis that nano-
sized diatoms are major contributors to the phytoplankton
community in temperate coastal waters [9, 11, 13] and
emphasize the importance of better understanding their
ecology and impacts in nature.

The 8 year monitoring of the six species indicated dis-
tinct periods of occurrence. M. comicus, M. spinulatus, and
T. cf. profunda formed transient blooms during winter, T.
curviseriata during springtime, and Thalassiosira sp.
RCC4664 usually peaked twice a year in winter and in
summer. Interestingly, M. comicus in the Western English
Channel do not develop spring-summer blooms as observed
in the Mediterranean Sea [9, 11]. While these species
exhibited clear seasonal patterns, M. variabilis persisted
year round, with important abundance fluctuations. Few
numbers of Thalassiosira strains were isolated between
2015 and 2016 but their ITS analysis demonstrated an
important intraspecific variability. Conversely, the genetic
characterization of Minidiscus strains isolated between 2015
and 2016 suggested a relatively low intraspecific diversity
during the occurrence periods of the studied species based
on 18S and ITS sequencing. Genetic markers such as 5.8S
+ ITS-2 were proposed to be more appropriate to depict
diatom diversity [56, 57], especially for species that belong
to the Thalassiosirales [58].

Drivers of nanodiatom dynamics: toward a biotic
control?

The distinct patterns in species occurrence (bloom forming
vs. persistent) and the interannual variability in bloom
amplitudes raise the question of whether nanodiatom species
are regulated differently. The observed dynamics in read
relative abundance most likely result from variable processes
affecting either cell growth or cell losses via diverse
mechanisms (for example, sedimentation, grazing, pro-
grammed cell death, internal clock, or infection by para-
sites). For decades, researchers have mainly focused their
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efforts on elucidating the roles of abiotic factors in con-
trolling diatom growth, which are nowadays well established
(e.g., [59-63]). The dominance of M. variabilis over the
other species throughout the year however, suggests a broad
ability to respond to natural environmental variability and
thereby a weak influence of physicochemical parameters.
Conversely, the marked seasonal development of M. comi-
cus, and of the other nanoplanktonic diatoms, may reflect
adaptations to seasonal variations of environmental factors.

Besides the environmental aspect, biotic control is also
likely involved in the regulation of nanodiatoms. Pathogens
have been described as important mortality agents that may
control the dynamics of diatom populations [64-66].
Among them, diatom viruses were reported and were
mainly isolated from Chaetoceros species [43]. For the first
time, our study provides evidence of viral pathogens that
infect the genera Minidiscus and Thalassiosira. A collection
of putative viruses was established and preliminary char-
acterization indicates that they possess morphological fea-
tures similar to those of sSDNA and ssRNA diatom viruses
[43, 67]. It is however more likely that our viral strains
contain RNA genomes as they accumulate in the cytoplasm
of their hosts. We hope you will accept this modification.
The period of successful virus isolation (fall to spring)
approximately corresponded to the blooming periods of the
prospective hosts, except for 7. curviseriata for which
viruses could be isolated year round. This result may partly
explain why we failed to isolate and maintain cultures of T.
curviseriata due to a simultaneous isolation of the host and
its viruses. More detailed functional and genetic analyses
are needed to fully characterize the viral strains that we
isolated and study their interplay with nanodiatom species
in nature. Yet, our results suggest that virus-driven mortality
is involved in the control of the nanodiatom species
development.

Concluding remarks

Recently, nanoplanktonic diatoms were proposed as major
contributors to phytoplanktonic blooms in coastal as well
as offshore regions. Their global ecological significance
however, is severely limited by the lack of genetic refer-
ences and isolates in culture. In this respect, establishing a
nanodiatom reference collection was prerequisite for taking
a census of these minute organisms and advancing our
understanding of their ecology and impacts in nature.
Using classic morphological and molecular approaches, our
study provides new insights in the diversity and dynamics
of relevant nanoplanktonic diatoms (especially Minidiscus)
in the Western English Channel. Owing to their promi-
nence in the French coastal waters of the Western English
Channel, nanoplanktonic diatoms have undoubtedly

important ecological and biogeochemical implications.
Persistence and seasonality patterns of Minidiscus and
Thalassiosira raise questions about the parameters which
contribute to their proliferation and decline. Our study
suggests that viruses certainly contribute to the control of
these tiny diatoms. Given the global significance of the
nanodiatoms, the substantial collection of organisms that
were brought into culture should provide biological models
of interest in ecological, biogeochemical, and evolutionary
studies.
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