J- Phycol. 53, 161-187 (2017)
© 2016 Phycological Society of America
DOI: 10.1111/jpy.12489

MORPHOLOGICAL AND GENETIC DIVERSITY OF BEAUFORT SEA DIATOMS WITH HIGH
CONTRIBUTIONS FROM THE CHAETOCEROS NEOGRACILIS SPECIES COMPLEX'

Sergio Balzano™

2.3

CNRS, UMR7144, Station Biologique De Roscoff, Sorbonne Universités, UPMC Univ Paris 06, 29680 Roscoff France

Isabella Percopo

Integrative Marine Ecology Department, Stazione Zoologica Anton Dohrn, Villa Comunale, 80121 Naples Italy

Raffaele Siano
Dyneco Pelagos, IFREMER, BP 70, 29280 Plouzane France

Priscillia Gourvil, Mélanie Chanoine, Dominique Marie, Daniel Vaulot
CNRS, UMR7144, Station Biologique De Roscoff, Sorbonne Universités, UPMC Univ Paris 06, 29680 Roscoff France

and Diana Sarno

Integrative Marine Ecology Department, Stazione Zoologica Anton Dohrn, Villa Comunale, 80121 Naples Italy

Seventy-five diatom strains isolated from the
Beaufort Sea (Canadian Arctic) in the summer of
2009 were characterized by light and electron
microscopy (SEM and TEM), as well as 18S and 28S
rRNA gene sequencing. These strains group into 20
genotypes and 17 morphotypes and are affiliated
with the genera Arcocellulus, Attheya, Chaetoceros,
Cylindrotheca, Eucampia, Nitzschia, Porosira, Pseudo-
nitzschia, Shionodiscus, Thalassiosira, and Synedropsis.
Most of the species have a distribution confined to
the northern/polar area. Chaetoceros neogracilis and
Chaetoceros gelidus were the most represented taxa.
Strains of C. neogracilis were morphologically similar
and shared identical 18S rRNA gene sequences, but
belonged to four distinct genetic clades based on
28S rRNA, ITS-1 and ITS-2 phylogenies. Secondary
structure prediction revealed that these four clades
differ in hemi-compensatory base changes (HCBCs)
in paired positions of the ITS-2, suggesting their
inability to interbreed. Reproductively isolated
C. neogracilis genotypes can thus co-occur in summer
phytoplankton communities in the Beaufort Sea.
C. neogracilis generally occurred as single cells but
also formed short colonies. It is phylogenetically
distinct from an Antarctic species, erroneously
identified in some previous studies as C. neogracilis,
but named here as Chaetoceros sp. This work
provides taxonomically validated sequences for 20
Arctic diatom taxa, which will facilitate future
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metabarcoding studies on phytoplankton in this
region.

Key index words: biogeography; ITS; ITS2 secondary
structure; LSU; morphology; phylogeny; polar dia-
toms; SSU

Abbreviations: CCMP, National Centre for Marine
Algae and Microbiota; DCM, Deep Chlorophyll Max-
imum; ITS-1, first internal transcribed spacer; ITS-2,
second internal transcribed spacer; ITS, internal
transcribed spacer; RCC, Roscoff Culture Collec-
tion; T-RFLP, terminal-RFLP

Due to fluctuations in light, temperature, salinity,
and sea ice extent, Arctic phytoplankton undergo
high seasonal variability in abundance and composi-
tion. Higher temperatures and longer daylight
between March and September, lead to an increase
in algal biomass and primary production (Sherr
et al. 2003, Wang et al. 2005). Diatoms account for
a high portion of Arctic phytoplankton, especially in
coastal locations (Booth and Horner 1997, Lovejoy
et al. 2002) and species belonging to the genera
Chaetoceros Ehrenberg and Thalassiosira Cleve can
dominate phytoplankton communities in different
regions (Tuschling et al. 2000, Booth et al. 2002,
Ratkova and Wassmann 2002).

The Beaufort Sea is a major basin of the Arctic
Ocean, and is highly influenced by the Mackenzie
River, which plays a key role in disrupting the winter
ice in early spring promoting primary production
and phytoplankton blooms (Carmack and MacDon-
ald 2002). In addition, periodic wind-driven upwel-
ling events can bring nutrient rich waters up to the
surface layer and promote phytoplankton growth
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(Pickart et al. 2013). Except during episodic upwel-
ling events, the water column is highly stratified, the
nutrient concentration in the upper layers is extre-
mely low, leading to the prevalence of picoeukary-
otes, mostly represented by the psychrophilic
Micromonas Manton & Parke ecotype corresponding
to the single genetic clade named “Arctic Micromo-
nas” (Lovejoy et al. 2007, Balzano et al. 2012b),
within the phytoplankton community. Diatoms tend
to be more abundant near the coast (Hill et al.
2005), occasionally blooming in late spring (Hill
et al. 2005, Sukhanova et al. 2009). The algal bio-
mass and the contribution of diatoms to the phyto-
plankton community increase in summer (Hill et al.
2005) and diatoms bloom more frequently at the
deep chlorophyll maximum (DCM; Sukhanova et al.
2009). Autumn communities include higher contri-
butions of dinoflagellates, which can dominate the
community along with diatoms (Brugel et al. 2009).

The MALINA oceanographic expedition sailed in
July 2009 from the Pacific coast of Canada to the
Beaufort Sea where an extensive multidisciplinary
sampling effort was undertaken until mid-August.
Pigment analyses (Coupel et al. 2015) and light
microscopy (LM) techniques (http://malina.obs-
vifr.fr/data.html) confirmed previous findings on
phytoplankton ~ community  composition  and
revealed that Prymnesiophyceae, Mamiellophyceae,
and Dinophyceae dominated offshore waters while
diatoms accounted for most abundance and biomass
on the Mackenzie Shelf (Coupel et al. 2015). Within
diatoms the cold-water ecotype of Chaetoceros socialis
described recently as Chaetoceros gelidus (Degerlund
et al. 2012, Chamnansinp et al. 2013), several other
Chaetoceros  spp. and with lower abundances,
Thalassiosira  nordenskioeldii, and  Pseudo-nitzschia
spp. prevailed (http://malina.obs-vlfr.fr/data.html).
Molecular techniques [cloning/sequencing and
terminal-RFLP (T-RFLP) on the 18S rRNA gene] on
photosynthetic populations (Balzano et al. 2012b)
partially agree with pigment analyses and phyto-
plankton microscopy counts indicating that Arctic
Micromonas was the only photosynthetic picoplankter
(<2 um) detected in most stations, whereas
nanoplankton (2-20 um) genetic libraries were
dominated by the diatoms C. gelidus (referred
therein as C. socialis) and Chaetoceros neogracilis in
DCM and surface waters respectively (Balzano et al.
2012b).

Seasonal succession and geographic distribution
of phytoplankton species have thus been partially
elucidated for the Beaufort Sea, but species level
diversity has still not been fully assessed for diatoms,
due to the limited resolution power of the morpho-
logical and molecular methods employed. LM, that
has been applied in most the studies, does not allow
the observation of the fine ultrastructural details
often required to distinguish diatom species.
Similarly, the 18S rRNA gene did not allow discrimi-
nation among some species of the genera Chaetoceros

and Pseudo-nitzschia H. Peragallo, which were well-
represented in the area (Balzano etal. 2012b).
Other ribosomal genes have a higher resolution
power; the 28S rRNA gene can successfully discrimi-
nate most of the species within the genera Chaeto-
ceros (Kooistra et al. 2010) and Pseudo-nitzschia
(Lundholm et al. 2002) and is considered a good
discriminatory molecular marker among centric dia-
tom species (Lee etal. 2013). A gene fragment
extending from the 5 end of the 5.8S to the 3’ end
of the helix III of ITS-2 (5.8S + ITS-2) has been
proved to separate the 99.5% of diatom species
(Moniz and Kaczmarska 2010).

Coupling culture isolation with morphological
and genetic characterization allows detailed species
identification. This approach has been applied
to photosynthetic flagellates collected during
the MALINA cruise. Photosynthetic pico- and
nanoeukaryotic populations were dominated by cul-
tured microorganisms (Balzano et al. 2012b) and
104 strains belonging to the Chlorophyta, Dino-
phyta, Haptophyta, Cryptophyta, and Heterokonto-
phyta divisions were isolated and characterized by
both LM and 18S rRNA gene sequencing (Balzano
et al. 2012a).

A recent study investigated Arctic dinoflagellates
coupling morphological and genetic approaches
(Gu et al. 2013), but similar information on diatoms
is missing. In the present article, we focus on dia-
tom strains isolated from the Beaufort Sea. We com-
bined LM, TEM, and SEM with 18S and 28S rRNA
gene sequencing to identify the isolated strains. We
also sequenced the ITS operon of the rRNA gene
from a number of C. neogracilis strains sharing
highly similar 18S and 28S rRNA gene sequences to
further investigate the occurrence of distinct genetic
entities and we reconstructed the secondary struc-
ture of the ITS-2 of these strains in order to predict
their reproductive isolation.

MATERIALS AND METHODS

Phytoplankton sampling, isolation, and maintenance. Strains
were isolated from seawater samples collected during the
MALINA (http://www.obs-Vlfr.fr/Malina) cruise which sailed
the 06/07/09 from Victoria (British Columbia, Canada) to
the Beaufort Sea where an extensive sampling effort was car-
ried out in late summer from 1/08/09 to 24/08/09
(Table S1 in the Supporting Information). Samples were
collected with a bucket from surface waters in the North
Pacific and at different depths with Niskin bottles mounted
on a CTD frame in the Beaufort Sea. Phytoplankton strains
were isolated both onboard and back in the laboratory
(Table 1) as described previously (Le Gall et al. 2008, Bal-
zano et al. 2012a). Overall we isolated 75 diatom strains, 60
of which are currently (March 2016) available from the
Roscoff Culture Collection (RCC: http://www.roscoff-culture-
collection.org/). Most of the strains were isolated from the
Beaufort Sea but we also included four strains from the
North Pacific sampled during the first leg of the MALINA
cruise for comparison purposes. The strains were main-
tained in K or K/2-medium (Keller et al. 2009) with addi-
tion of silicate, prepared from sterile seawater at a salinity
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of 35 and kegt at 4°C at an irradiance of 50 umol pho-
tons - m 2 -s ' in a 12:12 light dark regime. Some of the
C. neogracilis strains were incubated at low light intensity
(~10 pmol photons - m?. s7Y) in /2 medium (Guillard
1975) with nitrate supplied at a concentration 10-fold lower
(88 uM) to induce resting spore formation, since spore mor-
phology can help species identification in the genus Chaeto-
ceros (Hasle and Syvertsen 1997).

DNA extraction and PCR. Genomic DNA was extracted
from 75 MALINA strains using the NucleoSpin Tissue kit
(Mackerey Nagel, Hoerdt, France) and following the instruc-
tions provided by the manufacturer.

The 18S rRNA gene, the internal transcribed spacer
(ITS) of the rRNA operon and the 285 rRNA gene were
then amplified by PCR on genomic DNA. For the 18S rRNA
gene the primers 63f (5-ACGCTT-GTC-TCA-AAG-ATTA-3')
and 1818r (5-ACG-GAAACC-TTG-TTA-CGA-3') were used
(Lepere et al. 2011) as described previously (Balzano et al.
2012a).

The ITS region of the rRNA operon was amplified from 35
MALINA strains of C. neogracilis (Table 1) and three Antarctic
strains of Chaetoceros purchased from the National Centre for
Marine Algae and Microbiota (Bigelow, AR, USA) and previ-
ously thought to belong to C. neogracilis (CCMP187,
CCMP189, and CCMP190; Table S2 in the Supporting
Information). The ITS was amplified using primers 329f
(5'-GTG-AAC-CTG-CRG-AAG-GAT-CA-3') and DIR-R (5-TA
T-GCT-TAA-ATT-CAG-CGG-GT-3') which correspond to the
reverse complements of the reverse primer for 18S 329r
(Guillou et al. 2004) and the 28S forward primer DIR
(Lenaers et al. 1989), respectively. PCR condition included
an initial incubation step at 95°C during 5 min, 35 amplifica-
tion cycles (95°C for 1 min, 55°C for 45 s, and 72°C for
1 min 15 s) and a final elongation step at 72°C for 7 min.
From 72 diatom strains, the 28S rRNA gene was amplified
using primers DIR (5-ACC-CGC-TGA-ATT-TAA-GCA-TA-3')
and D3Ca (5-ACG-AAC-GAT-TTG-CAC-GTC-AG-3') targeting
the D1-D3 region of the nuclear LSU rRNA (Lenaers et al.
1989, Orsini et al. 2002). PCR reactions were as follows: 30
amplification cycles of 94°C for 1 min, 55°C for 1 min 30 s,
and 72°C for 1 min.

18S rRNA, ITS, and 28S rRNA amplicons were purified
using Exosap (USB products, Santa Clara, CA, USA) and par-
tial sequences were determined by using Big Dye Terminator
V3.1 (Applied Biosystems, Foster City, CA, USA). The hyper-
variable V4 region (Dunthorn et al. 2012) of the 18S rRNA
gene was sequenced from all the strains using the internal
primer Euk528f (Zhu et al. 2005), whereas the primers 63f
and 1818R were used to sequence the full 185 rRNA gene
from selected strains. The ITS region was sequenced using
both forward and reverse primers described above whereas
the forward primer DIR was used to sequence the 28S rRNA
gene. Sequencing was carried out on an ABI prism 3100
sequencer (Applied Biosystems).

Phylogenetic analysis. V4 sequences were compared to those
available in Genbank using BLAST (blast.ncbi.nlm.nih.gov/
Blast.cgi), aligned using ClustalW2 (http://www.ebi.ac.uk/
Tools/msa/clustalw2) and then grouped into 17 different
18S genotypes based on 99.5% sequences similarity, using the
Bioedit software (Hall 1999). The full 18S rRNA gene was
sequenced from at least one strain per genotype (19 strains
in total). For all the phylogenetic trees shown in this paper,
relationships were analyzed using maximum likelihood (ML)
and neighbor joining (NJ) methods (Nei and Kumar 2000)
and bootstrap values were estimated using 1,000 replicates
(Felsenstein  1985) for both methods. MEGA5 software
(Tamura et al. 2011) was used to construct the phylogenetic
trees based on the ML topology.

Full 18S rRNA sequences were aligned with reference
sequences from Genbank (http://www.ncbi.nlm.nih.gov/nu
cleotide, Table S2) for a total of 84 sequences using clus-
talW2 as described above. Highly variable regions of the
alignment were removed and the final data set contained
1,465 nucleotide positions. A Tamura Nei model (Tamura
and Nei 1993) was selected as the best model to infer both
NJ and ML 18S phylogeny.

For the D1-D3 region of the 28S rRNA gene 64 sequences
were aligned using clustalw2 and a subset, containing at least
one sequence per genotype, was used to construct three phy-
logenetic trees (centric diatoms, pennate diatoms and
C. neogracilis strains). Highly variable regions were removed
from the alignments. For the centric diatoms, the alignment
included, 65 sequences and 504 positions and the phylogeny
was inferred using a Kimura-2 model (Kimura 1980). Phyloge-
netic relationships were then inferred as described above and
five sequences from the genus Attheya West were used as an
outgroup and were then removed from the tree for clarity.
For the pennate diatoms, the alignment included 35
sequences and 490 nucleotide positions and the phylogeny
was inferred using a Tamura-Nei model (Tamura and Nei
1993) and sequences from the genus Attheya were also used
as an outgroup. A third phylogenetic tree was constructed for
C. neogracilis, which included 36 MALINA strains from this
species, one sequence of the strain CPHY identified as Chaeto-
ceros fallax Prosckina Lavrenko, three GenBank sequences
from the Antarctic strains CCMP163, CCMPI189, and
CCMP190 (Table S2) and one sequence from C. gelidus
(RCC2271) which was used as an outgroup. The analysis was
performed on 41 sequences for a total of 590 positions using
a Kimura-2-parameter model.

We also sequenced the ITS operon of the rRNA gene from
the MALINA strains affiliated to C. neogracilis as well as the
Antarctic strains attributed by CCMP to C. neogracilis. Since
the 5.8S is a region highly conserved at interspecific level, we
identified the boundary between ITS-1 and 5.8S based on
5.85 sequences from other Chaetoceros species (Moniz and
Kaczmarska 2010) available in GenBank. We then constructed
a phylogenetic tree based on the ITS-1 and another phyloge-
netic tree consisting in a region starting at the 5 end of 5.8S
and ending in the conserved motif of helix III of ITS-2. Some
sequences did not cover the entire ITS length and were
excluded from the alignment of either the ITS-1 or the 5.85/
ITS-2. The ITS-1 alignment included 30 sequences and 227
nucleotide positions and was analysed using a Jukes Cantor
model (Jukes and Cantor 1969). For the 5.8/ITS-2 alignment
the end of helix III was annotated based on the secondary
structure of the ITS-2 from T. weissflogii (Grunow) Fryxell &
Hasle (Sorhannus et al. 2010), which is the species most clo-
sely related to the genus Chaetoceros for which the secondary
structure of the ITS-2 has been reconstructed. The final align-
ment included 30 sequences and 384 nucleotide positions
and both ML and NJ phylogenies were inferred using a
Kimura-2 model (Kimura 1980). The ITS could not be
sequenced from the strain MALINA E43.N2, but it was attrib-
uted to Clade II based on its 28S sequence. Similarly since
both the ITS-1 and the 5.8 + ITS-2 sequences from RCC2268,
RCC2277 and RCC2318 were not sufficiently long to be
included in the ITS-1 and the 5.8S/ITS-2 alignments, a NJ
phylogenetic tree for the entire ITS fragment which included
34 sequences for a total 483 positions (Fig. S1 in the Support-
ing Information) was constructed in order to identify the
genetic clade of these strains.

ITS-2  structure prediction. To characterize our MALINA
strains of C. neogracilis in deeper detail we reconstructed the
secondary structure of the ITS-2 operon of the rRNA. The
ITS-2 boundaries were then annotated using Hidden Markov
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Models of the flanking 5.8S and 28S regions (Keller et al.
2009). The secondary structure of the ITS-2 was first inferred
for the strain RCC2014 using the RNA structure program
(Mathews et al. 2004) and then transferred onto other Chaeto-
ceros sequences through homology modeling (Wolf et al.
2005) using the ITS-2 database (Merget et al. 2012).

Microscopy. At least one strain per genotype, for a total of
61 strains (Table 1), was observed and photographed in LM.
Cells were harvested during the exponential phase of their
growth and observed using an Olympus BX51 microscope
(Olympus, Hamburg, Germany) with a 100x objective using
differential interference contrast. Cells were imaged with a
SPOT RT-=slider digital camera (Diagnostics Instruments, Ster-
ling Heights, MI, USA). Micrographs are available at http://
www.roscoff-culture-collection.org for a large set of strains.

Selected strains, covering most genetic diversity based on
both 185 and 28S rRNA, were observed using LM (36
strains), TEM (25 strains) and/or SEM (28 strains) at Sta-
zione Zoologica Anton Dohrn (Table 1). To remove organic
matter, samples were treated with nitric and sulfuric acids
(1:1:4, sample:HNO3:HsSO,), boiled for a few seconds and
washed with distilled water. LM observations were performed
using a Zeiss Axiophot 200 equipped with a Axiocam Digital
Camera (Carl Zeiss, Oberkochen, Germany). Acid-cleaned
material was mounted on Formvar- coated grids and observed
with a LEO 912AB transmission electron microscope (LEO,
Oberkochen, Germany) and/or mounted on stubs, sputter-
coated with gold-palladium and observed with a JEOL JSM-
6500F SEM (JEOL-USA Inc., Peabody, MA, USA). Fixed sam-
ples not subjected to cleaning were placed on Nuclepore
3 um pore size (Nuclepore, Pleasanton, CA, USA) polycar-
bonate filters, rinsed with distilled water, dehydrated in an
ethanol series (25%, 50%, 75%, 95%, and 100%), and criti-
cal-point-dried. Dried filters were mounted on stubs, sputter-
coated and observed with SEM.

RESULTS

In the present study, we characterized 75 diatom
strains using a combination of morphological and
molecular techniques (Table 1). We sequenced the
V4 region of the 18S rRNA gene from all the strains
and then we sequenced the full 185 rRNA from at
least one strain from each unique genotype. More-
over, we sequenced the 285 rRNA from most of our
strains and the ITS operon of the rRNA from all
the strains affiliated to C. neogracilis. The strains
grouped into 17 genotypes based on 18S and 28S
rRNA phylogenies (Figs. 1 and 2). 28S rRNA and

Fic. 1. Full 18S rRNA phylogenetic tree derived from Maxi-
mum Likelihood (ML) analysis. The tree includes at least one
sequence from each genotype found within the diatom strains iso-
lated during the MALINA cruise. Four sequences from radial cen-
trics (Corethron hystrix, Corethron pennatum, Rhizosolenia setigera, and
Rhizosolenia similoides) have been used as outgroup. The MALINA
strains sequenced here are labeled in bold whereas other strains
isolated from Arctic waters are underlined. Each sequence is
labelled as strain code, species name, and Genbank accession num-
ber. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1,000 replicates) are
shown next to the branches from left (ML) to right (Neighbor-join-
ing). Missing percentage values and “_” indicate that bootstrap val-
ues <50% were obtained for the corresponding node. Asterisks
indicate strains isolated from the North Pacific Ocean.

ITS analyses indicate that 36 strains of C. neogracilis
sharing identical 18S rRNA gene sequence make up
four distinct genetic clades (Figs. 2 and 3). The
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RCC2005 Pseudo-nitzschia arctica JQ995419
RCC2002 Pseudo-nitzschia arctica JQ995416
95/99 | RCC2004 Pseudo-nitzschia arctica JQ995418
RCC2517 Pseudo-nitzschia arctica JQ995461
741%8| RCC2273 Pseudo-nitzschia granii JQ995391 *
RCC2006 Pseudo-nitzschia granii JQ995420 *

RCC2008 Pseudo-nitzschia granii JQ995421 *
 OFPm984 Pseudo-nitzschia multiseries AF417655

KBH2 Pseudo-nitzschia pungens AF417650

SZN B29 Pseudo-nitzschia multistriata AF416754
PLY1St.27E Pseudo-nitzschia australis AM118055
Lynaes8 Pseudo-nitzschia seriata AF417653

8A9 Pseudo-nitzschia pseudodelicatissima FJ859057

UTEX B2042 Nitzschia frustulum AF417671

STH19 Nitzschia fusiformis AF417668

M1354 Nitzschia alba AF417670

M1762 Nitzschia communis AF417661
99NG1-16 Nitzschia pellucida AF417672
RCC2276 Nitzschia pellucida JQ995450
M1285 Nitzschia laevis AF417673
Cylindrotheca closterium AF289049

K520 Cylindrotheca closterium AF417666
RCC1985 Cylindrotheca closterium JQ995403

95/91

63/68

8719 | \M1767 Fragilaria capucina AF417684

AT-185Gel13 Fragilaria crotonensis AM713192
S0327 Fragilaria bidens AB430636
CCMP1798 Thalassionema frauenfeldii AF417686
93787 5-15 Synedropsis hyperboreoides AF417685
99/100 —— RCC2043 Synedropsis hyperborea JQ995434
98/100 | RCC2520 Synedropsis hyperborea JQ995463

RCC1986 Attheya septentrionalis JQ995404
RCC1988 Attheya septentrionalis JQ995405
RCC2042 Attheya septentrionalis JQ995433
[CCMP214 Attheya longicornis GQ219677

ICCMP2084 Attheya septentrionalis GQ219678

99/100

0.05
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86/90 | RCC1984 Thalassiosira gravida JQ995414
51/__ || CCMP1647 Thalassiosira rotula JX069341
CCMP1018 Thalassiosira rotula EF423392
BERO02-9 Thalassiosira eccentrica DQ512417
CCO03-15 Shionodiscus oestrupii DQ512419
RCC1991 Shionodiscus bioculatus JQ995408
LCO01-12 Shionodiscus ritscheri DQ512441
Thalassiosira lundiana HM991677
Thalassiosira allenii HM991673
RCC2521 Thalassiosira cf. hispida JQ995464
CCMP976 Thalassiosira aestivalis DQ512422
RCC2021 Thalassiosira nordenskioeldii JQ995428
RCC2000 Thalassiosira nordenskioeldii JQ995415
Thalassiosira nordenskioeldii HM991680
Thalassiosira concaviuscola HM991674
Thalassiosira curviseriata HM991675
CCMP990 Thalassiosira minima DQ512425
RCC2707 Thalassiosira cf. minima JQ995472
RCC2266 Thalassiosira minima JQ995441
RCC2265 Thalassiosira minima JQ995440 *
RCC2269 Thalassiosira minima JQ995444
Thalassiosira minuscula HM991679
$ CS347 Skeletonema ardens DQ396492
96/1001SZN-B202 Skeletonema costatum DQ396489
CCMP1101 Thalassiosira oceanica DQ512427
CCMP1433 Porosira pseudodenticulata DQ512396
RCC2039 Porosira glacialis E65PG17
CCMP1099 Porosira glacialis DQ512395
100100 | RCC2709 Porosira cf. glacialis JQ995468
6367 92871 SZN DH26 Chaetoceros lorenzianus EF423436
RCC1997 Chaetoceros decipiens JQ995413
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99/100 ﬁRCCZDH Eucampia groenlandica JQ995430

94/84

93/95

50/

79/84

84/76
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99/100[ ] RCC2038 Eucampia groenlandica JQ995431
LRCC1996 pia gr ica JQ995412
CCMP386 Eucampia zoodiacus GQ219682

RCC2046 Chaetoceros gelidus JQ995435
RCC2271 Chaetoceros gelidus JQ995446
RCC1992 Chaetoceros gelidus JQ995409
RCC1990 Chaetoceros gelidus JQ995407
AMB-97 Chaetoceros gelidus HE573580

D8 Chaetoceros gelidus KF219703
CCMP172 Chaetoceros socialis EF423466
MC260104 Chaetoceros socialis EF423467
90/100 A V5 Chaetoceros tenuissimus JX297338

CCMP190 Chaetoceros sp. JQ995466

84/71 CCMP189 Chaetoceros sp. JQ995465
CCMP163 Chaetoceros sp. EF423469
87/100 | | RCC2280 Chaetoceros neogracilis JQ995454
CPH9 Chaetoceros neogracilis KF219699
RCC2506 Chaetoceros neogracilis JQ995458
RCC1989 Chaetoceros neogracilis JQ995406
RCC1993 Chaetoceros neogracilis JQ995410

RCC2270 Arcocellulus cornucervis JQ995445

96/ 1“"51/83 r RCC967 Unidentified Cymatosiraceae KT884446

RCC703 Unidentified Cymatosiraceae KT884445

96/100

64/__ 53/58
93/100

90/99

Fic. 2. 28S rRNA phylogenetic tree inferred by maximum likelihood (ML) analysis for the (A) pennate and (B) centric diatoms iso-
lated during the MALINA cruise. The MALINA strains sequenced here are labeled in bold whereas other strains isolated from Arctic
waters are underlined. The evolutionary histories were inferred using maximum likelihood. The percentage of trees in which the associ-
ated taxa cluster together is shown next to the branches based on Maximum Likelihood (left) and neighbor joining (right). ML and NJ
values are indicated next to the branch nodes as described in Figure 1. Asterisks indicate strains isolated from the North Pacific Ocean.

most represented genera were Chaetoceros and Tha-
lassiosira.

Bacillariaceae. 'We isolated nine Bacillariaceae
strains from the genera Cylindrotheca, Nitzschia, and
Pseudo-nitzschia. The 18S rRNA gene (Fig. 1) dis-
criminated the different Cylindrotheca and Nitzschia
representatives but was poorly resolutive for the dif-
ferent Pseudo-nitzschia species.

Cylindrotheca  closterium  (Ehrenberg)
Reimann.

Cells are 85-108 um long, fusiform with rostrated
ends and possess two chloroplasts (Hasle 1964, Jahn
and Kusber 2005). The valve face is unperforated,
transversed by transapical slightly silicified ribs. The
central raphe is interrupted by a central nodule.
The fibulae (13-17 in 10 pm) are narrow, irregu-
larly spaced, and joined directly to the valve face
(Fig. 4A; Hasle 1964, Jahn and Kusber 2005).

Cylindrotheca closterium was considered as a cos-
mopolitan species but it was demonstrated to

Lewin &

constitute a species complex of similar morphotypes
belonging to different genetic lineages (Haitao
et al. 2007). It has been repeatedly observed in the
Arctic (Table 2).The 18S rRNA gene sequence from
C. closterium strain RCC1985 (Fig. 1) groups with
the other C. closterium sequences forming a moder-
ately supported clade (sequence similarity >97.8%),
but does not cluster to any of the two lineages
described to date for the C. closterium species com-
plex (Haitao et al. 2007). The 28S rRNA gene
sequence from  C. closterium  strain  RCC1985
(Fig. 2A) branches with two other sequences from
C. closterium.

Nitzschia pellucida Grunow.

Cells (apical axis: 35 pm; transapical axis: 3.0—
3.5 pm) are solitary and possess two chloroplasts.
Cells are lanceolate, tapering toward the poles, in
valve view (Fig. 4B), and rectangular when observed
in girdle view. The densities of fibulae and striae
are 12-15 and 35—40 in 10 pum respectively. Each
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RCC2507 C. neogracilis JQ995459
RCC2280 C. neogracilis JQ995454
RCC2279 C. neogracilis JQ995453
RCC2278 C. neogracilis JQ995452
RCC2275 C. neogracilis JQ995449
RCC2274 C. neogracilis JQ995448
RCC2267 C. neogracilis JQ995442
RCC2264 C. neogracilis JQ995439 Clade |
RCC2263 C. neogracilis JQ995438

RCC2262 C. neogracilis 1Q995437

| RCC2017 C. neogracilis 1Q995427

RCC2011 C. neogracilis JQ995423

RCC2003 C. neogracilis JQ995417

MALINA S441P21E6 C. neogracilis JQ995397
MALINA S502P27B3 C. neogracilis JQ995399
MALINA $509 C. neogracilis KT884482
MALINA S510 C. neogracilis KT884483
MALINA S511 C. neogracilis KT884484
MALINA S512 C. neogracilis KT884485

A RCC2281 C. neogracilis JQ995455

84/86

98/100

RCC2506 C. neogracilis JQ995458
RCC2318 C. neogracilis JQ995457
RCC2282 C. neogracilis JQ995456
RCC2272 C. neogracilis JQ995447
—| RCC2268 C. neogracilis JQ995443
75/75| RCC2261 C. neogracilis JQ995436 Clade Il
CPH9 C. neogracilis KF219699
MALINA E43N2 C. neogracilis JQ995392
RCC2277 C. neogracilis JQ995451
RCC1993 C. neogracilis JQ995410
66/69 RCC1989 C. neogracilis JQ995406
IMALINA FT56.6PG6 C. neogracilis JQ995395 Clade 1l
[RCC2014 C. neogracilis JQ995425

RCC2010 C. neogracilis JQ995422
RCC2012 C. neogracilis JQ995424
65/61 |RCC2022 C. neogracilis JQ995429
RCC2016 C. neogracilis JQ995426

CCMP189 Chaetoceros sp. JQ995465
CCMP163 Chaetoceros sp. EF42346
100/100 | CCMP190 Chaetoceros sp. JQ995466

RCC2271 C. gelidus JQ995446

Clade IV

Antarctic (Chaetoceros sp.)

0.005

B RCC2507 C. neogracilis KT860536
MALINA S441P21E6 C. neogracilis KT860541
RCC2281 C. neogracilis KT860532
RCC2280 C. neogracilis KT860531
RCC2279 C. neogracilis KT860530
RCC2278 C. neogracilis KT860529
RCC2275 C. neogracilis KT860527 Clade |
69/63 | RCC2274 C. neogracilis KT860526
RCC2267 C. neogracilis KT860523
RCC2003 C. neogracilis KT860511
RCC2011 C. neogracilis KT860513
RCC2017 C. neogracilis KT860517
RCC2262 C. neogracilis KT860520
RCC2263 C. neogracilis KT860521
RCC2264 C. neogracilis KT860522
RCC1989 C. neogracilis KT860509 I Clade Il
RCC1993 C. neogracilis KT860510
RCC2282 C. neogracilis KT860533
RCC2506 C. neogracilis KT860535 Clade Il
RCC2272 C. neogracilis KT860525
RCC2261 C. neogracilis KT860519
RCC2010 C. neogracilis KT860512
RCC2012 C. neogracilis KT860514
RCC2014 C. neogracilis KT860515
RCC2016 C. neogracilis KT860516
65/63 |RCC2022 C. neogracilis KT860518
MALINA FT56.6PG6 C. neogracilis KT860542
|CCMP1 89 Chaetoceros sp. KT860538
CCMP190 Chaetoceros sp. KT860537
99/99 |CCMP187 Chaetoceros sp. KT860539

64/65
71/65

Clade IV

—_—
0.01
RCC2281C. neogracilis KT860532
‘ MALINA S441P21E6 C. neogracilis KT860541
RCC2280 C. neogracilis KT860531

RCC2279 C. neogracilis KT860530
RCC2278 C. neogracilis KT860529
RCC2275 C. neogracilis KT860527 Clade |
RCC2274 C. neogracilis KT860526
RCC2264 C. neogracilis KT860522

RCC2263 C. neogracilis KT860521

RCC2262 C. neogracilis KT860520
RCC2017 C. neogracilis KT860517
51/ RCC2003 C. neogracilis KT860511
— RCC2011 C. neogracilis KT860513
RCC2507 C. neogracilis KT860536

—RCC2267 C. neogracilis KT860523
RCC1989 C. neogracilis KT860509 Clade Il
RCC1993 C. neogracilis KT860510
64/5i| RCC2016 C. neogracilis KT860516

64/66

>

RCC2022 C. neogracilis KT860518
RCC2010 C. neogracilis KT860512 Clade Il
RCC2012 C. neogracilis KT860514
RCC2014 C. neogracilis KT860515
MALINA FT56.6PG6 C. neogracilis KT860542
A‘Rcczzm C. neogracilis KT860519

91/89

RCC2272 C. neogracilis KT860525
RCC2282 C. neogracilis KT860533
RCC2506 C. neogracilis KT860535
CCMP187 Chaetoceros sp. KT860539

CCMP189 Chaetoceros sp. KT860538

93/99 |CCMF’190 Chaetoceros sp. KT860537

Clade IV

Fic. 3. 28SrRNA (A), ITS-1 (B), and 5.85+ITS-2 (C) phylogenetic trees for the strains of Chaetoceros neogracilis strains isolated from the Beau-
fort Sea. A 28S rRNA gene sequence from a C. neogracilis strain isolated from Kattegat(CPHY) in a previous study (Chamnamsinp et. al 2013)
was also used. For the 28S, C. gelidus was used to root the phylogenetic tree whereas for the ITS-1 and 5.8S + ITS-2 trees, the Antarctic
strains of Chaetoceros sp. (CCMP187, CCMP189, CCMP190) were used as outgroup. The bootstrap values are indicated next to the branches

as for Figure 1.

stria contains one row of rounded poroids. A central
larger interspace is present (Fig. 4, C and D).

Nitzschia pellucida has been previously reported in
Arctic and Antarctic waters but also in European
freshwater environments (Table 2). The 18S rRNA
gene sequence from N. pellucida strain RCC2276 is
highly related to that of Nitzschia dubiiformis (99.6%
sequence identity) and branches with other Nizschia
species (Fig. 1). The 285 rRNA gene sequence from
N. pellucida strain RCC2276 groups with Nitzschia lae-
vis and N. pellucida from GenBank (sequence iden-
tity 97.5 and 97.4 respectively). This clade branches
with different Nitzschia and Cylindrotheca species
(Fig. 2A), which supports the assertion of Lund-
holm et al. (2002) describing the genus Nitzschia as
polyphyletic.

Pseudo-nitzschia granii (Hasle) Hasle.

Cells (apical axis: 17-25 um; transapical axis: 1.4—
1.8 um) have two chloroplasts and colonies were

not observed in culture conditions. Valves are lance-
olate with a central swelling, one side of the valves
is linear and the other convex (Fig. 4E). Apices are
rounded. The striae (54-55 in 10 pm) are com-
posed of a single row of poroids divided into 5-7
sectors. In the strain RCC2006, most of the valves
have striae barely silicified that lack complete por-
oids (Fig. 4F) or have few poroids entirely formed
(Fig. 4G). The fibulae (16-18 in 10 pm) are irregu-
larly spaced and the central interspace is absent.

Pseudo-nitzschia granii has been reported in north-
ern cold waters, including Arctic and subarctic
regions (Table 2).

Pseudo-nitzschia arctica Percopo & Sarno.

Four Pseudo-nitzschia strains isolated during the
MALINA cruise have been recently described as a
new species, Pseudo-nitzschia arctica (Percopo et al.
2016). Cells occur in colonies and each cell overlaps

the next sibling cell for ~1/8 of its length (Fig. 4H).
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Fic. 4. (A) Cylindrotheca closterium: TEM micrograph, RCC1985. Detail of the valve in which is visible the raphe interruption, scale bar,
2 pm. (B-D) Nitzschia pellucida: (B) TEM micrograph, RCC2276. Whole valve, scale bar, 5 pm. (C) TEM micrograph, RCC2276. Detail of
the valve. Note the central larger interspace, scale bar, 2 pm. (D) TEM micrograph, RCC2276. Detail of cell apex, scale bar, 2 um. (E-G)
Pseudo-nitzschia granii: (E) TEM micrograph, RCC2006. Whole valve, scale bar, 5 um. (F) TEM micrograph, RCC2006. Detail of the valve.
Note the few incomplete poroids (arrows), scale bar, 0.5 pum. (G) TEM micrograph, RCC2006. Detail of the valve with scattered complete
poroids, scale bar, 1 um. (H, I) Pseudo-nitzschia arctica: (H) LM micrograph, RCC2002. A colony of two cells in girdle view, scale bar,
20 pm. (I) TEM micrograph, RCC2004. Detail of the valve. Note the central larger interspace, scale bar, 1 um. (J-N) Synedropsis hyperborea:
(J) LM micrograph, RCC2043. Cell in valve view, scale bar, 2 pm. (K) SEM micrograph, RCC2043. External view of the central part of the
valve, scale bar, 1 um. (L) SEM micrograph, RCC2043. Internal view of the apex. Note apical slit field and rimoportula, scale bar, 0.1 pm.
(M) SEM micrograph, RCC2043. External view of the apex. Note apical slit field and absence of rimoportula, scale bar, 0.5 pm. (N) SEM
micrograph, RCC2043. External view of the apex. Note apical slit field and rimoportula, scale bar, 0.2 pm.
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Cells (apical axis: 26-60 pum; transapical axis: 1.6—
2.5 um) are lanceolate in valve view. The valve ends
are broadly pointed. The fibulae are not always reg-
ularly spaced. The two central fibulae have a larger
interspace and the raphe is here interrupted by a
central nodule (Fig. 4I). The densities of fibulae
and interstriae are 17-24 and 34-39 in 10 pm,
respectively. The striae contain 1 row of rounded
poroids, 5-6 poroids in 1 pm. Each poroid most
often contains 1-6 sectors. Some striae are simply
composed of more lightly silicified areas without
any perforations.

Pseudo-nitzschia arctica seems to have a distribution
confined to the northern polar area, possibly repre-
senting one of the endemic components of the Arc-
tic diatom flora (Percopo et al. 2016).

Pseudo-nitzschia arctica and P. granii share highly
similar 18S rRNA gene sequences (99.6% sequence
identity, Fig. 1) and the two species can be better
separated using 28S rRNA phylogeny (Fig. 2A)
where their sequences differ by 1.2% sequence identity.

Fragilariaceae.

Synedropsis hyperborea (Grunow) Hasle, Medlin &
Syvertsen.

Cells (apical axis: ~b5 um; transapical axis: 2.7
3.5 pm) are lanceolate in valve view (Fig. 4]). No
colonies were observed. The uniseriate striae (2223
in 10 pm) are parallel toward the apices and alter-
nate in the some parts of the valve (Fig. 4K). The
apical fields are composed of 5-7 slits (Fig. 4, L-N)
slightly different from that reported in the original
description (4-6 slits, Hasle et al. 1994). A single
rimoportula is located two or three striae from one
of the two valve apices (Fig. 4L). The rimoportula
opens externally into a hole larger than the sur-
rounding areolae (Fig. 4, M and N).

Synedropsis  hyperborea is typical of the Northern
cold region and it is commonly reported in Arctic
waters (Table 2).

Fragilariaceae taxonomy was not well resolved
based on 18S rRNA gene since the sequence from
S. hyperborea strain RCC2043 shares very high similar-
ities with a sequence from Genbank affiliated to
S. hyperborea (99.9%) as well as Synedra minuscula
(99.9%), Fragilaria sp. (99.9%), and Grammonema
striatula (99.5%, Fig. 1). MALINA strains RCC2043
and RCC2520 belonging to S. hyperborea share iden-
tical 285 rRNA gene sequences and group with a
sequence from Synedropsis hyperboreoides from Gen-
Bank (98.5% sequence identity). The 28S rRNA
gene sequences from these strains are also related
to Thalassionema frauenfeldii and three Fragilaria spe-
cies (Fig. 2A).

Attheyaceae.

Attheya septentrionalis (Dstrup) Crawford.

Cells (apical axis: 3.5-6.4 pm; pervalvar axis: 7—
11.7) are solitary and bear four slightly wavy horn-
like projections (Fig. 5, A and B). One or two
plate-like chloroplasts are present. Valves are almost
circular and lack the rimoportula (Fig. 5C). The

length of the horns is variable (12-35 um) and the
ratio between horn length and cell diameter ranges
from 2.9 to 4.4. The number of longitudinal strips
can be three or four in both examined strains
(Fig. 5, D and E).

Attheya septentrionalis is distributed in the northern
cold region and it is common in Arctic waters
(Table 2). The 18S rRNA gene from the MALINA
strains RCC1986 and RCC2042 branches with that
of sequences of A. septentrionalis (99.9% sequence
identity) and Attheya longicornis (99.8%) from Gen-
Bank and is related to sequences from three Biddul-
phia spp. (Fig. 1). The 28S rRNA gene from the two
MALINA strains is also highly related to that of
sequences of A. septentrionalis and A. longicornis
(~98% sequence identity, Fig. 2A).

Thalassiosiraceae. We isolated 12 Thalassiosiraceae
strains (Table 1) affiliated to the genera Thalas-
siosira, Porosira, and Shionodiscus. Both 18S and 28S
rRNA gene allowed the discrimination of the differ-
ent species found here (Figs. 1 and 2B).

Thalassiosira gravida Cleve.

Cylindrical cells (diameter: 28.5-30.5 um) held in
colonies by a single thick thread composed of sev-
eral strands (Fig. 5F). A number of fultoportulae
(or strutted processes, 11-15) are grouped in a cen-
tral cluster and several fultoportulae are scattered
on the valve face. The marginal fultoportulae are
arranged to form 3—4 rings placed between the mar-
gin of the valve face and the mantle. A single rimo-
portula (or labiate process) is located within the
inner ring of marginal fultoportulae (Fig. 5G). Dif-
ferent valves have a variable degree of silicification,
but in general the areolae are wellformed on the
margins of the valve (16-20 in 10 um) and poorly
developed in the central part, where siliceous radial
ribs separate perforated areas.

Thalassiosira gravida is regarded as a bipolar, cold
to temperate water species and it has been previ-
ously observed in Arctic and Antarctic waters
(Table 2).

The 18S rRNA gene sequence from 7. gravida
strain RCC1984 clusters with sequences from both
T. gravida and T. rotula (sequence identity >99.5%)
and is highly related with a sequence from Thalas-
siosira eccentrica (99.3% sequence identity, Fig. 1).
The 28S rRNA gene sequences from both our strains
of T. gravida group with two other sequences from
T. gravida and are highly related to two sequences
from T. rotula (99.2% sequence identity, Fig. 2B).

Thalassiosira cf. hispida Syvertsen.

Cells (diameter: 6.5-13.5 um) possess several
chloroplasts, and form colonies of few cells (3—4
cells) connected by one central thread. The areo-
lae (30 in 10 um) have a similar size on both valve
face and mantle. One ring of marginal fultoportu-
lae (5 in 10 um) and one central fultoportula are
present on the valve face (Fig. 5H). The marginal
fultoportulae have long external tubes (Fig. 5,
H-K). All the fultoportulae have four satellite
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Fi16. 5. (A-E) Attheya septentrionalis: (A) LM micrograph, RCC1986. Cells in girdle view, scale bar, 10 pm. (B) LM micrograph,
RCC2042. A cell in girdle view, scale bar, 20 um. (C) TEM micrograph, RCC1986. A circular valve, scale bar, 1 um. (D) TEM micrograph,
RCC2042. A horn with three longitudinal strips, scale bar, 0.5 um. (E) TEM micrograph, RCC1986. A horn with four longitudinal strips,
scale bar, 0.5 pm. (F, G) Thalassiosira gravida: (F) LM micrograph, RCC1999. Three cells joined in colony, scale bar, 20 pm. (G) TEM
micrograph, RCC1999. A valve with the central cluster of fultoportulae and several fultoportulae scattered on the valve face, scale bar,
5 pm. (H-K) Thalassiosira cf. hispida: (H) SEM micrograph, RCC2521. A cell in valve view with a ring of marginal fultoportulae and one
central fultoportula. Note the rimoportula between two marginal fultoportulae, scale bar, 1 um. (I) TEM micrograph, RCC2521. Detail of
a valve; short and minute spines are present on the hyaline margin and in the areolae foramina, scale bar, 1 pm. (J) SEM micrograph,
RCC2521. The girdle composed by the valvocopula, a copula and open bands, scale bar, 1 pm. (K) TEM micrograph, RCC2521. Detail of
the fultoportula, scale bar, 0.2 um. (L-P) Thalassiosira minima: (L) LM micrograph, RCC2269. Cell in girdle view with two chloroplasts,
scale bar, 2 um. (M) SEM micrograph, RCC2266. External view of the valve with a ring of marginal fultoportulae and two central fultopor-
tulae. Note the rimoportula between two marginal fultoportulae, scale bar, 1 pm. (N) SEM micrograph, RCC2269. Internal view of a valve,
scale bar, 1 pm. (O) TEM micrograph, RCC2266. Five central fultoportulae, scale bar, 1 pm. (P) SEM micrograph, RCC2266. Detail of
two marginal fultoportulae with the small external labiate-shaped protrusions on the external face of the valve, scale bar, 1 um.
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pores at their base (Fig. 5I). The rimoportula is
positioned slightly inside the ring of marginal ful-
toportulae, between two of them. It can be either
closer to one of them or in the middle. A broad
hyaline margin is present. Short and minute spines
and hairs emerge throughout the valve (Fig. 5I).
The girdle is formed by a valvocopula, a copula,
and several open bands. The valvocopula has a
broad abvalvar imperforated rim and one advalvar
row of areolae (Fig. 5]). MALINA strain of 7. cf.
hispida is morphologically very similar to the origi-
nal description of T. hispida but possesses a higher
number of areolae (18 and 24-26 in 10 pum on
valve face and mantle, respectively, in Syvertsen
1986). Very similar is the dense covering of spin-
ules on the valve surface, which, however, is not
specific for T. hispida, but can be developed to a
lesser extent in other Thalassiosira species, and the
presence of a broad hyaline margin on the valve
and a valvocopula with a wide non-pierced edge.

Thalassiosira hispida has only been reported in
northern cold water regions (Table 2). 18S rRNA
gene sequences from 7. hispida are not available on
the GenBank and the 185 rRNA gene sequence
from our strain RCC2521 clusters with sequences of
Thalassiosira allenii (98.5% sequence identity) and
Thalassiosira angulata (98.6%, Fig. 1). The 28S rRNA
gene sequence from RCC2521 (Fig. 2B) groups with
T. allenii (97.5%), Thalassiosira aestivalis (97.1%),
and T. nordenskioeldii (96.5%) but the clade is poorly
(<50% ML and NJ) supported.

Thalassiosira minima Gaarder.

Cells (diameter: 4.5-13 pm) have two chloroplasts
and do not form colonies under our culture condi-
tions. In girdle view, cells are rectangular with a per-
valvar axis generally shorter than the cell diameter
and with a valve face slightly depressed in the center
(Fig. 5L.). The areolae (30-35 in 10 pm) are hexag-
onal in shape (Fig. 5M). On the valve, a ring of
marginal fultoportulae (4-6 in 10 pm) with short
external tubes and one or two central fultoportulae
are present (Fig. 5, M and N). Five fultoportulae
have been occasionally observed in one single valve
(Fig. 50). A large rimoportula is placed between
two marginal fultoportulae, slightly closer to one of
them (Fig. 5, M and N). Each marginal fultoportula
is accompanied by a small external labiate-shaped
protrusion (Fig. 5P). The species has a worldwide
distribution (Table 2) and it is reported for the first
time in the Arctic Ocean.

The 18S rRNA gene sequence from our 7. minima
strain RCC2265 is highly similar to that of the
T. minima sequence from the strain CCMP990
(99.7%, Fig. 1). Our strains of 7. minima from both
the Beaufort Sea and the North Pacific Ocean
(Table 1) share highly similar 28S rRNA gene
sequences with the Antarctic strain RCC2707
(99.1%) and group with the 7. minima strain
CCMP990 forming a well-supported clade (Fig. 2B).
Consistent with the 18S rRNA gene phylogeny,

Thalassiosira curviseriata is the species most closely
related to all the 7. minima strains.

Thalassiosira nordenskioeldii Cleve.

Cells (diameter: 12-15 pm) possess several chloro-
plasts and form long colonies connected by a cen-
tral thread (Fig. 6A). Areolae are 17-18 on valve
face and 18-20 in 10 um on mantle (Fig. 6B).
Valves are characterized by a pronounced concavity
in the center, a high (4-6 areolae) and oblique
mantle, a marginal ring of fultoportulae (3-4 in
10 pm) with long external tubes bearing a terminal
collar, one central fultoportula and one rimoportula
positioned  within two marginal fultoportulae
(Fig. 6, B and C).

Thalassiosira nordenskioeldii is a species typical of
northern cold to temperate regions, common in
Arctic waters (Table 2).

The 18S rRNA gene sequence from strain
RCC2000 groups with sequences from 7. aestivalis
and T. nordenskioeldii forming a well-supported clade
(Fig. 1). Thalassiosira nordenskioeldii RCC2000 shares
identical 28S rRNA gene sequence with another
T. nordenskioeldii strain from the GenBank and
highly similar 28S sequence (99.8%) with T. norden-
skioeldii RCC2021. These strains form a clade with a
sequence from 7. aestivalis (Fig. 2B).

Porosira glacialis (Grunow) Jgrgensen.

Cells (diameter: 30—40 pm) are cylindrical, pos-
sess several chloroplasts and can form short colonies
(2-3 cells; Fig. 6, D and E). Numerous fultoportulae
are scattered over the valve surface (3—4 in 10 pm).
The striae (2427 areolae in 10 pm) are wavy and
radially arranged. A central annulus is present and a
large rimoportula process is situated inside the mar-
gin of the valve (Fig. 6F).

Porosira glacialis is reported in Arctic and Antarc-
tic waters (Table 2).

RCC2039 18S rRNA is identical with that from
the Antarctic strain CCMP1099 (Fig. 1). The 28S
rRNA gene sequence from the MALINA strain
RCC2039 is highly related, but not identical
(99.6%), to that of the two Antarctic strains
CCMP1099 and RCC2709 (Fig. 2B).

Shionodiscus bioculatus (Grunow) Alverson, Kang &
Theriot.

Cells (diameter: 23—41 pm) are solitary and pos-
sess a large number of discoid chloroplasts
(Fig. 6G). The pervalvar axis is generally longer
than the diameter. The valve face is slightly convex
and the mantle is rounded. The areolation is fascic-
ulate (20-23 areolae in 10 um) with a single fulto-
portula in the valve center and a subcentral
rimoportula (Fig. 6, H and I). The marginal fulto-
portulae (4-7 pm apart) have internal tube-like pro-
jections and no external extensions. Strain
RCCI1991 is the first representative of S. bioculatus
sequenced to date, both 18S and 28S rRNA gene
sequences from this strain group with sequences of
Shionodiscus oestrupii and Shionodiscus ritscheri (Figs. 1
and 2B).
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Fi. 6. (A-C) Thalassiosira nordenskioeldii: (A) LM micrograph, RCC2000. A colony in girdle view, scale bar, 5 pm. (B) TEM micrograph,
RCC2000. A valve with a marginal ring of fultoportulae, one central fultoportula and one rimoportula positioned within two marginal ful-
toportulae, scale bar, 2 um. (C) SEM micrograph, RCC2000. A cell with ring of fultoportulae with long external tubes bearing a terminal
collar, scale bar, 1 um. (D-F) Porosira glacialis: (D) LM micrograph, RCC1995. Cell in girdle view, scale bar, 10 pm. (E) LM micrograph,
RCC1995. Cell in valve view, scale bar, 10 pm. (F) TEM micrograph, RCC1995. A valve with numerous fultoportulae scattered over the
valve surface. Note the central annulus and the marginal rimoportula (arrow), scale bar, 10 um. (G-I) Shionodiscus bioculatus: (G) LM
micrograph, RCC1991. A cell in girdle view, scale bar, 20 pm. (H) SEM micrograph, RCC1991. External view of a cell; note the marginal
ring of fultoportulae, the single fultoportula in the valve center and a subcentral rimoportula, scale bar, 10 pm. (I) TEM micrograph,
RCC1991. Whole valve, scale bar, 10 pm. (J-L) Arcocellulus cornucervis: (J) SEM micrograph, RCC2270. A slightly curved cell in girdle view.
Note the conspicuous branches of the pili (arrow), scale bar, 1 um. (K) SEM micrograph, RCC2270. A pili valve (left) and a process valve
(right). Note the ocelluli (arrows), scale bar, 1 um. (L) A pili valve in which the short spinules are visible near the pilus base (arrows),
scale bar, 2 pm.
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Cymatosiraceae.

Arcocellulus cornucervis. Hasle, von Stosch &Syvert-
sen.

Cells are solitary, very small (apical axis: 3.0—
3.5 pm; pervalvar axis: 1.4-1.7 pm; transapical axis:
1.7-2.2 pm) and slightly curved in broad girdle
view. Each cell possesses two different valves, a pro-
cess valve and a pili valve, which are convex and
concave, respectively, in larger cells (Fig. 6, ] and
K). Each valve has two ocelluli (Fig. 6, K and L).
The pili cross each other and bear conspicuous
branches (Fig. 6]). The process valve possesses a
central process (Figs. 6K and 7A). A marginal row
of poroids is always present along the margin of the
valve and a variable number of poroids can be pre-
sent on the valve face. The basal siliceous layer may
be smooth or ornamented by costae which can be
indistinct or more convoluted (Fig. 6K). Costae
seem to be more pronounced in process valves.
Patches of short spinules can be present near the
pilus base (Fig. 7A).

Arcocellulus cornucervis has been reported in tem-
perate and cold waters of both hemispheres, includ-
ing Arctic Ocean (Table 2).

18S phylogeny could not discriminate Arcocellulus
spp. from the closely related genus Minutocellulus
(Fig. 1). The 18S rRNA gene sequence from
A. cornucervis RCC2270 is indeed highly related to
two sequences from  Minutocellus  polymorphus
(99.5% sequence identity) and both form a well-
supported (96% ML, 100% NJ) clade which
branches with that of other representatives from
the family Cymatosiraceae, namely Papiliocellulus ele-
gans, Cymaltosira belgica, and Brockmanniella brock-
manni (Fig. 1).

The 28S rRNA gene of A. cornucervis strain
RCC2270 is closely related to that of two unidenti-
fied Cymatosiraceae (95% and 95.9% sequence
identity) isolated from temperate waters (Fig. 2B).

Hemiaulaceae.

Eucampia groenlandica Cleve.

Cells (apical axis: 7-24 pm) are rectangular in gir-
dle view, slightly silicified and possess several chloro-
plasts. Cells form colonies which can be straight or
slightly curved in broad girdle view with square to
hexagonal apertures (Fig. 7B). A rimoportula is pre-
sent on the center of the valve (Fig. 7C).

Eucampia groenlandica was first reported from Baf-
fin Bay in Davis Strait and is considered typical of
the northern cold waters (Table 2).

The 18S rRNA gene sequence from E. groenlandica
strain RCC1996 groups with sequences of LFucampia
zodiacus (99.2%) and Eucampia antarctica (99.0%)
forming a well-supported clade (Fig. 1). The 28S
rRNA gene from our strains is related to a sequence
from E. zodiacus (96.9% sequence identity, Fig. 2B).

Chaetocerotaceae. We isolated 45 strains of the
genus Chaetoceros and using the 28S rRNA (Figs. 2B
and 3A) and ITS phylogeny (Fig. 3, B and C) we

grouped these strains into six genotypes, two of

them corresponding to the species Chaetoceros decipi-
ens and C. gelidus, respectively, and four other being
closely related genotypes affiliated to C. neogracilis.

Chaetoceros decipiens Cleve.

Cells (apical axis: 11-22 um) were generally soli-
tary in culture conditions but a few colonies have
been observed (Fig. 7, D and E). Each cell possesses
several chloroplasts.

Chains are straight and the apertures are ellipti-
cal. All setae lie in the apical plane. The intercalary
setae emerge from the valve margin without a basal
part and may fuse for a shorter or longer distance.
Terminal setae are U or V shaped (Fig. 7, D and E).
The valve, with a high mantle, is almost flat in gir-
dle view (Fig. 7, F and G). Valves have a central
annulus from which irregular ribs radiate and are
perforated with small poroids. The mantle is high
and a marginal ridge is present between the valve
face and mantle (Fig. 7F). Terminal valves possess a
very small central process with a short external pro-
jection (Fig. 7H). Girdle bands are ornamented
with parallel transverse costae interspaced by hyaline
areas with scattered small poroids (Fig. 7I). The
setae are polygonal, mostly foursided, in cross-
section, with spines on the edges and a single longi-
tudinal row of large pores on each side.

Chaetoceros decipiens is a cosmopolitan species,
common in arctic waters (Table 2).

The 18S rRNA gene sequence from our strain of
C. decipiens (RCC1997) groups with a GenBank
sequence from Chaetoceros cf. lovenzianus (97.1%
sequence similarity, Fig. 1) and, similarly, the 28S
rRNA gene is closely related to GenBank sequences
from Chaetoceros lorenzianus (99.2%), and groups with
Chaetoceros affinis and Chaetoceros diadema (Fig. 2B).

Chaetoceros gelidus Chamnansinp, Li, Lundholm, &
Moestrup.

Cells (apical axis. 4-12 um) with a single lobed
chloroplast are joined in curved chains (Fig. 7]).
Several chains group together forming a spherical
colony (Fig. 7K). The setae emerge inside the valve
margin and merge after a short basal part forming
narrow hexagonal apertures (Fig. 7L). In valve view,
the valve is circular to oval, in girdle view it is
slightly concave with a small central inflexion
(Figs. 7L and 8A). Generally the cells have three
short curved setae and one long straight seta. The
short setae have densely spirally arranged spines
occurring throughout its length. In contrast ,the
long straight seta does not exhibit spines on its
basal part, whereas on its distal part it possesses
spines which are more distant between each other
(Fig. 8B). Both valves from each resting spore are
convex and smooth (Fig. 8C). The crest reported in
the original description (Chamnansinp et al. 2013)
is absent here. Variability in spore morphology of
Chaetoceros gelidus was already reported (Degerlund
et al. 2012, therein as C. socialis, northern strains).

The species has been reported from northern
cold waters, including Arctic Ocean (Table 2).
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Fic. 7. (A) Arcocellulus cornucervis: TEM micrograph, RCC2270. A process valve in which the two ocelluli are visible (arrows), scale bar,
1 um. (B, C) Eucampia groenlandica: (B) LM micrograph, RCC2037. Part of a colony, scale bar, 5 pm (C) SEM micrograph, RCC2037. A
valve with the central rimoportula (arrow), scale bar, 1 um. (D-I) Chaetoceros decipiens: (D) LM micrograph, RCC1997. Part of a colony,
scale bar, 20 um. (E) LM micrograph, RCC1997. A solitary cell, scale bar, 20 pm. (F) TEM micrograph, RCC1997. A terminal valve, scale
bar, 5 um. (G) SEM micrograph, RCC1997. Two intercalary valves, scale bar, 1 pm. (H) TEM micrograph, RCC1997. A terminal valve.
Note the central process, scale bar, 5 pm. (I) TEM micrograph, RCC1997. A girdle band with parallel costae and small poroids, scale bar,
5 um. (J-L) Chaetoceros gelidus: (J) LM micrograph, RCC2271. A curved chain. Note the two straight setae on the upper part of the picture,

scale bar, 20 um. (K) LM micrograph, RCC2271. A spherical colony, scale bar, 50 pm. (L) SEM micrograph, RCC2271. Two intercalary
valves with the narrow aperture, scale bar, 1 pum.
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The 18S sequence of C. gelidus clusters with a
sequence of C. socialis (97.2% sequence identity,
Fig. 1) and 28S rRNA sequences are identical to
that of the type strain of C. gelidus (Fig. 2B).

Chaetoceros neogracilis (Schutt) VanLandingham.

Twenty-eight of the 36 strains of C. neogracilis iso-
lated here have been observed by LM and pho-
tographs are available for most of them (http://
www.roscoff-culture-collection.org). Seven  strains
have been further examined using EM (Table 1).
Cells are generally solitary (Fig. 8, D-F) but short
colonies (3-6 cells) have been occasionally observed
(Fig. 8G) in 9 strains. Cells are relatively small (api-
cal axis: 4-12 pm) and possess a single lobed chloro-
plast (Fig. 8, D-G). No significant morphological
and ultrastructural difference has been observed
among the different strains, with the exception of a
certain variability in the orientation of the setae. As
single cells, some strains have straight setae diverg-
ing at an angle of 45°, whereas others have setae per-
pendicular to pervalvar axis, and others have more
curved setae (Fig. 8, D-F), but this variability might
be associated to the different cell sizes of the strains.
In the colonies, cells are joined to form straight
chains and they are separated by apertures varying
from elliptically shaped (Fig. 8, G and H) to narrow
slits (data not shown). Terminal setae are U or V
shaped. Valves are ornamented with irregular costae
originating from a central annulus. In the terminal
valves, a slit-like process is located in the center of
the annulus and it bears an external flattened tube
(Fig. 8, I and J). The central process is absent in the
intercalary valves of the colonies, confirming that
the chains are real colonies and not cells in division
(Fig. 8K). Intercalary setae originate from the valve
apices, cross immediately at the chain margin and
diverge running in different directions (Fig. 8, H
and L). The setae are circular in cross-section. They
are composed by long spiral costae ornamented with
arrowhead-shaped spines (~2 spines per 1 um) and
interconnected by short transverse costae (Fig. 8, M
and N). Spores were not observed in any of the
tested strains.

The name C. neogracilis (basionym: C. gracile
Schiitt) has been attributed almost indiscriminately
to many small, unicellular Chaetoceros taxa collected
worldwide (see Rines and Hargraves 1988 for a dis-
cussion). The specific epithet can be found in the
literature spelled as C. gracile or C. neogracile,
because the genus Chaeloceros was considered to be
neutral, rather than masculine. However, the genus
is currently recognized as a masculine word and the
correct name of the species is C. neogracilis. In more
recent years, the species has been consistently
reported as a significant component of microbial
communities in Arctic and Baltic (Table 2) as well
as Antarctic regions.

All the C. neogracilis strains isolated during the
MALINA cruise share 100% identity in the V4
region of the 18S rRNA gene (data not shown). The

full 18S rRNA gene has been sequenced for strains
RCC2016 and RCC2318. These two MALINA strains
share identical 18S rRNA gene sequence with the
two Arctic strains ArM0004 and ArM0005 and form
a well-supported clade with the sequence from the
Antarctic strain AnM0002 (98.9% sequence identity,
Fig. 1). The 285 rRNA gene sequences from the
MALINA strains of C. neogracilis cluster together
(Fig. 2B) as well as with a GenBank sequence from
the Baltic strain CPH9 attributed to C. fallax (Cham-
nansinp et al. 2013) and have a sister clade which
includes the sequences from three Antarctic strains
(CCMP163, CCMP189, and CCMP190). All these
sequences branch with Chaetoceros tenuissimus form-
ing a well-supported clade (Fig. 3A).

Genetic diversity of C neogracilis strains. The MAL-
INA strains of C. neogracilis shared highly similar
although not identical 28S rRNA gene sequence.
Sequences can diverge by up to 0.5%. Both ITS
markers as well as 285 rRNA gene indicate signifi-
cant differences between the Arctic and the Antarc-
tic strains (Fig. 3), since the two groups form two
separate branches. For example the Arctic C. neogra-
cilis RCC2014 shares with the Antarctic strain Chaeto-
ceros sp. CCMP189 95%, 86%, and 85% sequence
similarity for the 28S, ITS-1, and 5.8 + ITS-2
respectively. The MALINA strains of C. neogracilis
form four different clades based on all the three
markers used. Overall, based on either or both 28S
rRNA (Fig. 3A) and ITS phylogeny (Fig. 3, B and C,
Fig. S1), 20 strains belong to Clade I, 8 to Clade II,
2 to Clade III and 6 to Clade IV (Table 1). The 28S
rRNA gene phylogeny (Fig. 3A) separates the
C. neogracilis strains in two groups, both with high
(>75% in both ML and NJ) bootstrap support. One
group consists of C. neogracilis Clade I, whereas the
second group includes the other three clades.
Specifically strains from Clade II are at the base of
the group from which Clade III and Clade IV
emerge with moderate (>50%) support in both ML
and NJ (Fig. 3A). The strain CPH9 falls within
Clade II and the Antarctic strains CCMP163,
CCMP189, and CCMP190 are fully separated from
C. neogracilis. Both ITS-1 and 5.8S8 + ITS-2 trees
includes 27 Arctic sequences from C. neogracilis, with
15 of them forming Clade I, 4 strains belonging to
Clade II, 2 strains to Clade III, and 6 strains to
Clade IV. Strains from each clade cluster between
them with moderate support in ITS-1 phylogeny
and Clade II, Clade III, and Clade IV group
together with high bootstrap support (Fig. 3B). In
5.8S+ITS-2 phylogeny Clade II and Clade III are
highly supported, whereas Clade I and Clade IV are
moderately supported; Clade III groups with Clade I
and some differences occur between the different
strains from Clade II (Fig. 3C).

Secondary structure of ITS-2. We predicted the sec-
ondary structure of ITS-2 rRNA for our strains of
C. neogracilis to further investigate their genetic dif-
ferences. We determined compensatory base


http://www.roscoff-culture-collection.org
http://www.roscoff-culture-collection.org

CHAETOCEROS NEOGRACILIS SPECIES COMPLEX 179

Fic. 8. (A-C) Chaetoceros gelidus: (A) TEM micrograph, RCC2271. Intercalary valve, scale bar, 1 pm. (B) SEM micrograph, RCC2271.
Detail of the two types of setae, the short (on the upper part of the picture) and the straight long seta (crossing the picture). Note the
absence of spines in a large part of the long seta, scale bar, 5 pm. (C) SEM micrograph, RCC2271. A spore, scale bar, 1 pum. (D-N) Chaeto-
ceros neogracilis: (D) LM micrograph, RCC2272. A solitary cell, scale bar, 10 pm. (E) LM micrograph, RCC2017. A solitary cell, scale bar,
10 um. (F) LM micrograph, RCC2016. A solitary cell, scale bar, 10 um. (G) LM micrograph, RCC1989. A colony of four cells, scale bar,
5 pm. (H) SEM micrograph, RCC2012. Detail of a colony. Note quite narrow apertures, scale bar, 1 um. (I) SEM micrograph, RCC2012.
Terminal valve with the external tube, scale bar, 2 pm. (J) TEM micrograph, RCC2012. Terminal valve with the central slitlike process,
scale bar, 2 pm. (K) TEM micrograph, RCC2012. Intercalary valve, scale bar, 2 um. (L) TEM micrograph, RCC2271, Intercalary valve, scale
bar, 2 um. (M) SEM micrograph, RCC2271. Setae with arrowhead-shaped spines, scale bar, 1 pm. (N) SEM micrograph, RCC2271. Detail
of a seta with spines and long spiral costae interconnected by short transverse costae, scale bar, 0.5 pm.
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Fic. 9. Diagrams of the secondary structure of the ITS-2 transcripts of Chaetoceros neogracilis Clade 1 RCC2279. The boxes indicate the
structural variations found in Chaetoceros neogracilis Clade I with respect to the other clades. Nucleotides which differ between Chaetoceros
neogracilis Clade 1 and the other three clades are marked with black background. [Correction added on December 24, 2016, after first

online publication: Figure 9 updated]

changes (CBC) and Hemi-CBC in positions paired
in the helices of the secondary structure according
to Coleman (2009). The secondary structure of ITS-
2 from our strains exhibits four helices (I, Ila, III,
and 1IV) typical of all eukaryotes (Coleman 2009) as
well as an additional helix (IIb) located between
helix Ila and helix III (Fig. 9). Differences in the
ITS-2 sequences from our strains occur at 14 posi-
tions, nine of them located in paired positions of
the helices. This variability in paired positions con-
sists in Hemi-CBC for six nucleotides, and CBC for
two nucleotides. Two hemi-CBC occur in helix I
(GC <> AC, and CG <> UG), three in helix III (CG
<~ UG, GC <> GU, GU <> AU), and one in helix IV
(GU <> GC). Moreover, one CBC occurs on helix
IIa between clade I and II (AU) versus clade IV
(GC), with clade III showing a Hemi-CBC (GU)
toward the other three clades (Fig. 9).

DISCUSSION

Combining microscopy and genetic data. The combi-
nation of morphological and molecular approaches
on phytoplankton strains isolated during the

MALINA cruise allowed the characterization of cul-
tured diatoms from the Beaufort Sea. To date ~10*
species have been described based solely on their
morphology (Guiry 2012) and the application of
molecular approaches during the last decade
revealed a considerable genetic diversity within key
planktonic morphospecies such as Asterionellopsis gla-
cialis (Castracane) Round (Kaczmarska et al. 2014),
Leptocylindrus danicus Cleve (Nanjappa et al. 2013),
Pseudo-nitzschia  pseudodelicatissima (Lundholm et al.
2003, 2006, 2012, Amato and Montresor 2008, Lim
et al. 2013, Orive et al. 2013), and Skeletonema costa-
tum (Sarno et al. 2005, 2007, Kooistra et al. 2008). It
has been suggested that the number of extant diatom
species exceeds by one order of magnitude those
described to date (Mann and Vanormelingen 2013).
Our work provides both 18S and 28S rRNA gene
sequences validated with detailed morphological and
ultrastructural information for 17 morphotypes. Both
genes have been sequenced here for the first time
for six diatom species (A. cornucervis, C. decipiens,
E. groenlandica, S. bioculatus, and T. cf. hispida). The
18S gene of C. gelidus, N. pellucida, and P. arctica has
been also sequenced for the first time. Moreover,
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most of the gene sequences obtained from the Arctic
strains were different from sequences from conspeci-
fic strains collected from different geographic areas
that are available in GenBank. Finally, we investi-
gated the genetic rRNA diversity of 36 Chaetoceros
strains sharing the same 18S gene sequence, and
clarified the identity of C. neogracilis, a taxon that
dominated genetic libraries from the Beaufort Sea.

Genetic markers and species delimitation. The taxo-
nomic resolution of the genetic markers used here
was different according to the genus investigated,
but it also varied within a given genus, depending
on the phylogenetic distance existing between con-
generic species.

The 18S rRNA gene can successfully discriminate
species within the genus Nifzschia (Rimet et al.
2011) and the C. closterium species complex (Haitao
et al. 2007). Both 18S and 28S rRNA genes are com-
monly used for the taxonomic identification of Tha-
lassiosira species (Kaczmarska et al. 2006, Alverson
et al. 2007, Hoppenrath et al. 2007) and here they
provided a good taxonomic resolution for all the
Thalassiosiraceae representatives except 7. gravida,
which shares identical 18S rRNA gene with 7. rotula
(Fig. 1). These two species show low phylogenetic
distances also on 285 rRNA gene phylogeny
(Fig. 2B) and can be correctly separated only after
ITS sequencing (Whittaker et al. 2012).

The 28S rRNA gene is a relatively good molecular
marker to discriminate most of Pseudo-nilzschia spe-
cies although a better resolution of phylogenetic
relationships can be generally achieved with the ITS
rRNA possibly supplemented by the analysis of the
secondary structure of the ITS2 (Lundholm et al.
2003, 2012, Amato et al. 2007, Lim et al. 2013,
Orive et al. 2013, Percopo etal. 2016). Pseudo-
nitzschia arctica and P. granii share highly similar 18S
rRNA gene sequences (Fig. 1) but can be better dis-
criminated based on 28S rRNA (Fig. 2A), ITS and
rbcL. phylogenies (Percopo et al. 2016).

Similarly, the MALINA strains of C. neogracilis
share identical 18S rRNA sequences (Fig. 1), but
they are genetically different at both 28S and ITS
levels (Figs. 2B and 3). 28S and ITS rRNA phyloge-
nies consistently grouped sequences from the Arctic
strains of C. neogracilis into four phylogenetically dis-
crete clades (Fig. 3). The differences in the ITS sec-
ondary structure confirm this grouping and would
indicate reproductive isolation between the four
clades of C. neogracilis which may correspond to clo-
sely related but distinct cryptic species. Specifically,
a CBC in helix IIa (Fig. 9) suggests reproductive iso-
lation between clade I and clade II versus clade IV,
and similarly the presence of at least a Hemi-CBC in
the Helix III between Clade I and Clade II, as well
as between Clade III and all the other clades, sug-
gests that the different clades are unable to inter-
breed (Coleman 2009). The secondary structures of
both ITS-1 and ITS-2 are involved in ribosome
assembly (Tschochner and Hurt 2003) and changes

in paired positions likely affects gamete compatibil-
ity preventing cells differing by CBC or Hemi-CBC
from mating (Coleman 2001). For diatoms, inability
to interbreed has been demonstrated between
strains differing by CBC or Hemi-CBC in the ITS-2
within the P. pseudodelicatissima species complex
(Amato et al. 2007).

The sympatric occurrence of distinct genetic
clades of C. neogracilis in the Beaufort Sea gives
further support to the hypothesis that they should
be considered separate species unable to inter-
breed rather than different genotypes of a single
species. Closely related species or genotypes can
co-occur in the same environment and similar
results were found previously in dinoflagellates.
Several ITS genotypes from the Atama complex,
which consisted of Alexandrium tamarense (Lebour)
Balech, Alexandrium fundyense Balech, and Alexan-
drium  catenella (Whedon & Kofoid) Balech, co-
occurred in the Chukchi Sea (Gu et al. 2013). In
contrast, the Arctic Micromonas (Lovejoy et al.
2007, Balzano et al. 2012b) consisted in a single
ITS genotype (Balzano et al. 2012a), which domi-
nated both surface and DCM, waters throughout
the Beaufort Sea during the MALINA cruise (Bal-
zano et al. 2012b).

Notably, clone libraries based on 18S rRNA gene
sequences, and high throughput amplicon sequenc-
ing of the V4 or V9 regions of the 18S rRNA, which
are widely used in environmental studies (Stoeck
et al. 2010, Comeau et al. 2011, Logares et al. 2012,
2014, Balzano et al. 2015), failed to discriminate
among the four clades of C. neogracilis and recov-
ered them as a unique genotype (Pawlowski et al.
2008, Lovejoy and Potvin 2011).

Both 18S and 28S rRNA genes are too conserved
for some genera failing to discriminate the different
species. For example, A. septentrionalis shared identi-
cal 18S rRNA and 28S rRNA gene sequences with
A. longicornis (Figs. 1 and 2A). These two species
can be distinguished only using a combination of
several nuclear and plastidial encoded genes
(Sorhannus and Fox 2012).

The 18S rRNA gene is highly conserved also within
the family Cymatosiraceae, where A. cornucervis strain
RCC2270 shares almost identical 18S rRNA with two
GenBank sequences from M. polymorphus (Fig. 1),
and the two species share 100% identity in the V4
region (Luddington et al. 2012). The extent of the
variability in the 28S rRNA gene within the Cymatosir-
aceae is not clear since no other sequence from this
family is available on GenBank and A. cornucervis
RCC2270 shares highly similar 28S rRNA gene with
two unidentified Cymatosiraceae strains (Fig. 2B).

Overall, ITS-2 provides a higher taxonomic resolu-
tion than 28S, but although it was proposed as a
universal barcode for diatoms (Moniz and Kacz-
marska 2010, Guo etal. 2015), very few ITS
sequences are available to date in GenBank com-
pared to 18S and 28S and its high variability makes
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the alignment between different genera difficult or
even impossible. Similarly, the 28S rRNA gene is less
conserved than the 18S rRNA allowing a better dis-
crimination between congeneric species but 28S
sequences are available for a larger number of dia-
tom species. Ideally sequencing the entire rRNA
operon from the same specimen would allow the
best taxonomic resolution and provide taxonomic
annotation from most species in environmental
studies. Single molecule sequencing technologies
such as PacBio could allow the sequencing of reads
as long as 5,000 bp (Mikheyev and Tin 2014, Schloss
et al. 2016). For current sequencing technologies
the 285 rRNA seems the best compromise between
resolutive power and easiness of alignment, for envi-
ronmental studies focused on diatoms, whereas 18S
rRNA gene sequencing can be used for general
studies on microbial eukaryotes.

Diatoms in the Beaufort Sea. Diatoms represented
an important fraction of the nano- and microphyto-
plankton identified during the MALINA cruise (Bal-
zano et al. 2012b, Coupel et al. 2015) with Chaetoceros
and Thalassiosira being the most represented genera.
Different species from these two genera are fre-
quently observed in Arctic waters where they typically
dominate phytoplankton assemblages (Booth and
Horner 1997, Lovejoy et al. 2002, Ratkova and Wass-
mann 2002), eventually forming spring blooms
(Booth et al. 2002, Sukhanova et al. 2009).

In spite of the high diversity reported in previous
studies (Sukhanova et al. 2009), only few environ-
mental ribotypes associated with 7. nordenskioeldii
were detected by T-RFLP among sorted photosyn-
thetic eukaryotes during the MALINA cruise (Bal-
zano etal. 2012b) and only 7. nordenskioeldii,
T. gravida, Thalassiosira pacifica, and few undeter-
mined species were observed by microscopy counts
(http://malina.obs-vlfr.fr), accounting for a low pro-
portion of the phytoplankton community. Clearly,
Thalassiosira species did not bloom in the Beaufort
Sea during late summer 2009 and 7. gravida, T. cf.
hispida, and T. minima were possibly only present in
low abundance.

The high number of Chaetoceros strains (45), mostly
represented by C. gelidus and C. neogracilis, reflected
the dominance of these two species in the summer
phytoplankton assemblages, already shown by the
genetic libraries (Balzano et al. 2012b). Notably, phy-
toplankton counts confirmed the high abundance of
C. gelidus and other unidentified morphotypes, but
barely reported the occurrence of C. neogracilis. This
discrepancy indicates that cells of C. neogracilis might
have been erroneously attributed to several different
solitary species, such as C. tenuissimus or Chaeloceros
simplex Ostenfeld, or other undetermined Chaetoceros.
We also suggest that cell chains of C. neogracilis,
which were described for the first time in this study,
might have been wrongly identified as the freshwater
species  Chaetoceros wighamii Brightwell (http://
malina.obs-vlfr.fr; see Bosak etal. 2015 for a

discussion on C. wighamii). Similarly, the doubtful
reports of C. wighamii from the Baltic Sea and Danish
waters could indeed refer to C. meogracilis, as sug-
gested by the morphological and ultrastructural simi-
larity between Arctic strains of C. neogracilis
described in this study and culture material from
Danish waters attributed to C. wighamii (see fig. 224
in Jensen and Moestrup 1998).

Other colonial Chaetoceros species found in the
phytoplankton counts were not isolated in this study
because they might be more difficult to bring into
culture compared to C. gelidus and C. neogracilis, or
because they are rare, as suggested by their absence
in the 18S rRNA libraries and in T-RFLP analyses
(Balzano et al. 2012b).

Interestingly, most of the C. neogracilis strains from
Clade I and Clade II as well as all the strains of Clade
IV were isolated from surface waters (Table 1),
whereas 5 of 8 strains of C. gelidus and both
C. neogracilis Clade III strains were isolated from
DCM waters. During the MALINA cruise surface
waters were warmer, less saline (Table S1), and
poorer in nutrients (http://malina.obs-vlfr.fr/
data.html) compared to DCM waters. We do not
know whether these patterns are indicative of ecolog-
ical preferences for these genotypes. However, sur-
face genotypes might be adapted to lower salinities,
higher irradiation, higher temperatures and lower
nutrient concentrations. Unfortunately, the different
clades of C. neogracilis have identical T-RFLP ribo-
types and therefore their relative contribution to the
environmental samples from the MALINA cruise
(Balzano et al. 2012b) cannot be discerned.

Notably, some of the strains isolated here show sim-
ilarities with specimens from other environments
affected by seasonal salinity shifts similar to those
characterizing the Beaufort Sea. One of the C. neogra-
cilis strains belonging to Clade II, CPH9 (Fig. 3A),
was isolated in the Baltic Sea, and C. closterium
RCC1985 forms a clade, in the 28S rRNA tree, with a
strain (K-520, Fig. 2A) which has been isolated from
Kattegat (Lundholm et al. 2002). Interestingly, a
number of environmental sequences as well as photo-
synthetic flagellates isolated from the surface waters
of the Beaufort Sea during the MALINA cruise are
genetically related to strains or environmental
sequences from the Baltic Sea (Balzano et al. 2012a,
b). Despite the significant differences in temperature
and salinity between the Beaufort Sea and both the
Baltic Sea and the Kattegat, the genetic similarities
found in samples from these areas might be associ-
ated with the seasonal ice and the shifts in salinity
occurring in these environments.

The C. neogracilis species complex. Chaetoceros neogra-
cilis was originally described as Chaetoceros gracile
Schiitt from the Baltic Sea as solitary, small Chaeto-
ceros species (Schutt 1895). Due to the scanty origi-
nal description and to the lack of distinctive
features in such small single cell-taxa, the name has
most probably been attributed to different and not
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related taxa collected worldwide (Rines and Har-
graves 1988). All the Arctic strains isolated during
the MALINA cruise share a similar cell morphology
with C. neogracilis, together with a prevalent absence
of colony formation. Indeed, C. neogracilis was origi-
nally described as a solitary species whereas some of
the MALINA strains have been observed forming
short colonies. Notably, the ability to occasionally
form colonies is common to other Chaeloceros spe-
cies considered solitary, as it has also been observed
in the related species C. tenuissimus (D. Sarno, pers.
obs.). The original description of the species
(Schutt 1895) includes a spiny spore that unfortu-
nately has not been observed in our study.

Based on the available information, it is not possi-
ble to provide the authoritative taxonomic revision
required by the International Code of Nomencla-
ture for algae, fungi, and plants (McNeill et al.
2012) to establish each of the four clades as valid
species and to assess if one of them corresponds to
C. neogracilis sensu stricto. Further analyses are
required to provide additional ultrastructural infor-
mation on a larger number of strains from the four
clades to be compared with the type material of
C. neogracilis and eventually designate an epitype. In
the meantime, we propose that the Arctic Chaetoceros
strains sharing very similar morphology and molecu-
lar signatures described here are considered as
affiliated to C. neogracilis species complex. The
provisional ascription of the name C. neogracilis to
the Arctic Chaetoceros complex is supported by the
fact that one of the strains (i.e., CPH9, syn K-1665,
http://www.sccap.dk/) belonging to Clade II of the
species complex, was isolated from Danish waters in
the Baltic Sea, which is the type locality of C. neogra-
cilis. The morphologically similar Antarctic species,
which has been frequently identified as C. neogracilis
and is represented in this study by the strains
AnM0002, CCMP187, CCMP189, and CCMP190
(Choi et al. 2008), corresponds to a related but
genetically distinct (Figs. 1, 2B and 7) and probably
undescribed species, here named as Chaetoceros sp.

Biogeography of Arctic diatoms. Most of the diatom
species (10 of 17) characterized in this study have a
distribution confined to the northern/polar area,
including  Pseudo-nitzschia arctica (Percopo et al.
2016), and the C. neogracilis species complex, which
was one of the few Arctic phylotypes identified by
their 18S rRNA gene (Lovejoy and Potvin 2011)
(Table 2). In addition, the MALINA strain of
C. closterium (RCC1985) is phylogenetically distant
from any lineage described for this species complex
(Haitao et al. 2007) and might correspond to an
Arctic genotype. Endemism has been recently sug-
gested for a number of Arctic protists from the Baf-
fin Bay and the Beaufort Sea (Terrado et al. 2013).
Endemic polar species include in particular the
green alga Arctic Micromonas (Lovejoy et al. 2007),
several foraminiferan species (Darling et al. 2007,
Pawlowski et al. 2008), and the Antarctic terrestrial

diatoms Pinnularia borealis Ehrenberg and Hantzschia
amphioxys (Ehrenberg) Grunow (Souffreau et al.
2013).

Two species found here, P. glacialis and
T. gravida, are considered to have bipolar distribu-
tion (McMinn et al. 2005, Whittaker et al. 2012,
Goes et al. 2014). The presence of the same species
in ecologically related but geographically distant
environments, such as the Arctic and the Antarctic,
has been suggested for two Fragilariopsis Hustedt
species (Lundholm and Hasle 2008) as well as the
dinoflagellate Polarella glacialis Montresor, Procac-
cini & Stoecker (Montresor et al. 2003) and the cili-
ate  Euplotes  mobilii  Valbonesi &  Luporini
(Di Giuseppe et al. 2014). Polar species can hardly
survive in temperate and tropical waters and the
evolution of polar species is thus unlikely to arise
from transport of living cells between Arctic and
Antarctic waters. The presence of bipolar species
could be associated with a migration occurred dur-
ing the last glacial period, where colder seawater at
low latitudes would have permitted the survival of
cells during their transport across the globe or due
to more recent transport of resting forms (Montre-
sor et al. 2003). Such resting forms could survive
tropical waters or in alternative they might have
been transported across the globe via the global
ocean conveyor belt or other deep cold currents.

Few (5) of the strains characterized in this study
belong to species that are supposed to have a wide
geographic distribution (Table 2). Molecular meth-
ods have demonstrated conspecificity in widely dis-
tributed morphospecies, as for example some
Pseudo-nitzschia (Lelong et al. 2012) or Skeletonema
(Kooistra et al. 2008) species. Other studies on
plankton biogeography indicate that populations
previously thought to make up unique cosmopolitan
species are often genetically distinct and reproduc-
tively isolated (Kooistra et al. 2008, Casteleyn et al.
2010). Indeed, the northern/polar ecotype of the
worldwide-considered species, C. socialis, has been
recently described as a distinct species, i.e.,
C. gelidus, based on physiological, morphological,
and molecular evidence (Degerlund etal. 2012,
Huseby et al. 2012, Chamnansinp et al. 2013). Sub-
sequently all the previous reports of C. socialis in
Arctic waters (Booth et al. 2002, Ratkova and Wass-
mann 2002, Sukhanova et al. 2009), including those
reported for the MALINA cruise (Balzano et al.
2012b), are likely to correspond to C. gelidus.

Similarly, the degree of interspecific divergence
between the cosmopolitan 7. rotula and the bipolar
T. gravida advocates they should be treated as sepa-
rate species (Whittaker et al. 2012), despite previous
studies suggesting that the two morphotypes are
likely to be a single species (Syvertsen 1977, Sar
et al. 2011). We cannot exclude that the use of
more sensitive molecular markers would allow to
identify differences among geographic populations
of bipolar or cosmopolitan species, as demonstrated
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for the cosmopolitan species Pseudo-nitzschia pungens
(Casteleyn et al. 2010). Further analyses will be
required to evaluate the slight difference here
found among the 28S rRNA gene sequences of the
Arctic and Antarctic strains of P. glacialis.

Therefore, while some species distribution pat-

terns seem to support the hypothesis of ubiquity
(Finlay and Fenchel 2004), other species are far
more restricted. The availability of validated refer-
ence sequences for arctic diatoms will facilitate the
interpretation of metabarcoding data and will allow
to test theories on dispersal and biogeographic pat-
terns in protists using large scale screening of envi-
ronmental samples.
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Figure S1. Phylogenetic tree of the ITS operon
of the Chaetoceros sp. strains isolated in the pre-
sent study. The Antarctic strains of Chaetoceros sp.
(CCMP187, CCMP189, CCMP190) were used as
outgroup. The bootstrap values are indicated next
to the branches as for Figure 6.

Table S1. Details of the strain isolated during
the MALINA cruise and used in the present
study. Most strains are available at Roscoff Culture
Collection (RCC).

Table S2. List of the strains and species from
which the sequences were used in the present
study for the phylogenetic trees. Most strains are
currently available at different institutions or cul-
ture collections. CCMP: National Centre for Mar-
ine Algae and Microbiota (ncma.bigelow.org),
UNC: Culture Collection at University of North
Carolina (www.unc.edu/), NIOZ: Culture Collec-
tion at Netherland Institute for Sea Research
(www.nioz.nl), UTEX: Culture Collection of Algae
at University of Texas Austin (utex.org/), CCAP:
Culture Collection of Algae and Protozoa
(www.ccap.ac.uk), TCC: Thonon Culture Collec-
tion (wwwob.inra.fr/carrtel-collection_eng), CS:
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(www.csiro.au/en/Research/Collections/ANACGC/
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