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Abstract. During the MALINA cruise (summer 2009), an and Pyramimonaswere also isolated, whereas Heterokon-
extensive effort was undertaken to isolate phytoplanktontophyta included some unidentified Pelagophyceae, Dicty-
strains from the northeast (NE) Pacific Ocean, the Beringochophyceae (Pedinellales), and ChrysophycBaepryon
Strait, the Chukchi Sea, and the Beaufort Sea. In ordefaculiferum). Moreover, we isolated some Cryptophyceae
to characterise the main photosynthetic microorganismgRhodomonasp.) as well as a few Prymnesiophyceae and
occurring in the Arctic during the summer season, strainsdinoflagellates. We identified the dinoflagellsteloszynskia
were isolated by flow cytometry sorting (FCS) and single cincta by scanning electron microscopy (SEM) and
cell pipetting before or after phytoplankton enrichment of 28 SfRNA gene sequencing. Our morphological analyses
seawater samples. Strains were isolated both onboard arghow that this species possess the diagnostic features of
back in the laboratory and cultured at@ under light/dark  the genusBiecheleria and the 28 SrRNA gene topology
conditions. Overall, we isolated and characterised by lightcorroborates this affiliation. We thus propose the transfer of
microscopy and 18 SrRNA gene sequencing 104 strains ofV. cinctato the genuBiecheleriaand its recombination as
photosynthetic flagellates which grouped into 21 genotypesBiecheleria cincta

(defined by 99.5% 18 SrRNA gene sequence similarity),
mainly affiliated to Chlorophyta and Heterokontophyta. The
taxon most frequently isolated was an Arctic ecotype of1 |ntroduction

the green algal genublicromonas (Arctic Micromonas,

which was nearly the only phytoplankter recovered within Arctic phytoplankton undergoes a high seasonal variability
the picoplankton €2um) size range. Strains of Arctic with most of the biomass occurring during late summer
Micromonasas well as other strains from the same class(Sherr et al., 2003; Wang et al., 2005). During this
(Mamiellophyceae) were identified in further detail by period, freshwater inputs from rivers and ice melting in
sequencing the internal transcribed spacer (ITS) region othe Beaufort Sea lead to strong stratification of the water
the rRNA operon. The MALINAMicromonasstrains share  column. Consequently, phytoplankton depletes the surface
identical 18 SfRNA and ITS sequences suggesting highayer of nutrients, especially inorganic nitrogen (Carmack
genetic homogeneity within Arctiglicromonas Three other  and MacDonald, 2002).

Mamiellophyceae strains likely belong to a new genus. Other

green algae from the genexgphroselmis, Chlamydomonas
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In the Canadian Arctic, diatoms tend to dominate nearis genetically homogeneous or consists of several distinct
the coast (Lovejoy et al., 2002; Sukhanova et al., 2009) andjenotypes, and if the other Mamiellophyceae strains isolated
flagellates prevail in offshore waters, especially in mid andhere correspond to a new genus. Finally, we characterised
late summer (Booth and Horner, 1997; Sherr et al., 2003)in further detail, by scanning electron microscopy (SEM)
Arctic photosynthetic picoplankton is dominated by the and 28 SrRNA gene sequencing, two dinoflagellate strains
green algal class Mamiellophyceae (Not et al., 2005; Lovejoybelonging to Woloszynskia cinctaa recently described
et al., 2007), specifically by Blicromonasecotype (Arctic  species (Siano et al., 2009), and propose a taxonomical
Micromona3 genetically and physiologically distinct from revision of the species.

Micromonasgenotypes typically found in warmer oceans

(Slapeta et al., 2006; Lovejoy et al., 2007). This ecotype ,

occurs in the Arctic throughout the year (Sherr et al., 2003),2 Materials and methods

replacing cyanobacteria as the baseline community (Li
1998). In contrast, larget(2 um) photosynthetic flagellates

fluctuate during the year and are more diverse (Booth et al.she MALINA cruise took place on board the Canadian

1982; Booth and Horner, 1997; Lovejoy et al., 2002). research vess€iICGS Amundseduring the summer of 2009
The summer composition of photosynthetic pico- and 4m victoria (British Columbia, Canada) to the Beaufort
nanoplankton has been investigated in great detail fromgg, (Table 1, leg 1b) and then throughout the Beaufort
the northeast (NE) Pacific to the Beaufort Sea during thegg 4 (leg 2b). Seawater samples were collected with a
MALINA cruise in summer 2009 (Balzano et al., 2012). Ter- p,cket from the surface during leg 1b and at different
minal restriction fragment length polymorphism (T-RFLP) yenihs with Niskin bottles mounted on a CTD frame during
and cloning/sequencing approaches have confirmed thgyy oy \water temperature, salinity, nutrient concentrations,
ubiquity of Arctic Micromonas which occurred in the NE ;4 the phytoplankton composition were obtained from

Pacific, dominated the Bering Strait and was nearly they,g \aLINA database fttp://www.obs-vifr.friMalina/data.
unique photosynthetic picoplankter found throughout thehtml).

Beaufort Sea in both nitrogen-depleted surface waters and
nitrogen-replete deep chlorophyll maximum (DCM) waters. 2. 2  Strain isolation
It is not known whether such ubiquity and exclusivity covers
intraspecific differences between populations occurringPhytoplankton strains were isolated both onboard and back
under different seawater conditions or whether populationsn the laboratory. Onboard, strains were isolated on 5
are rather homogeneous and all adapted to variablenl glass tubes by flow cytometry sorting (FCS) either
conditions. In contrast, nanoplankton was more diverse andlirectly from the seawater, as well as from samples
dominated by cultured microorganisms mainly belonging toconcentrated by tangential flow filtration (TFF) (Marie et
diatoms, Chrysophyceae, and Pelagophyceae. al., 2010), or from enriched seawater samples. Samples
Despite obvious biases, culturing approaches permit a betwere enriched by mixing 4.5ml of 2 fold diluted medium
ter characterisation of the strains isolated by the combinatiowith 0.5ml of seawater in 5ml glass tubes and by
of microscopy and molecular methods (Le Gall et al., 2008).incubating the tubes under light-dark conditions for at
To date, existing datasets on Arctic phytoplankton are basetkast three days prior to isolations. Media used for the
either on light microscopy (Okolodkov and Dodge, 1996; enrichments included f/2 (Guillard, 1975), K (Keller et
Booth and Horner, 1997; Lovejoy et al., 2002; Sukhanova etal., 1987), Jaworskih{tp://www.ccap.ac.uk/media/recipes/
al., 2009) or cloning/sequencing (Lovejoy et al., 2006; Luo JM.ht), Erd—Schreiber (Kasai et al., 2009), and PCR-S11
et al., 2009; Lovejoy and Potvin, 2011), but few studies have(Rippka et al., 2000). Seventeen medium enrichments were
performed large scale isolation efforts in the Arctic. spiked with 9.6 uM Ge® (Sigma-Aldrich, Saint-Quentin,
The present study aimed at the detailed characterisatioffrance) to prevent the growth of diatoms (Supplement,
of strains isolated during the MALINA cruise. One of our Table S1). All strains were maintained on a 12 : 12 light—dark
goals was to assess whether the main Arctic species areycle and transferred weekly to new medium. Samples
endemic or occur in other oceans. During the MALINA and cultures from the surface were incubated under white
cruise, we isolated about 200 strains from the NE Pacificlight (100 umoles photonsfs —1) while samples from
the Bering Strait, the Chuckchi Sea, and the Beaufort Sealeeper layers were incubated under blue light (10 umoles
using different approaches (flow cytometry sorting, singlephotonsms—1).
cell pipetting). About half of the strains belonged to diatoms One to six months after the MALINA cruise, more strains
and will be investigated in a parallel study. Here, we were isolated in the laboratory using single cell pipetting
characterise photosynthetic flagellates by 18 SfRNA gener FCS from TFF concentrated or enriched samples. Some
sequencing. We also sequenced the internal transcribesitrains were found to be non-unialgal or contaminated by
spacer (ITS) region of the rRNA operon from our strains small heterotrophs and were further purified using single-cell
of Mamiellophyceae to assess whether Ardflicromonas FCS (Supplement, Table S1). FCS was carried out using a

'2.1 Sampling
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Table 1. Sampling stations. The last five columns provide the number of flagellate cultures obtained using different isolation techniques.

Station CTD Latitude Longitude Cultures Cultures Culture
(m) ©N) W) direct TFP enrichments

FCEF FC$ SCP FCE ScCP

PAC06 50.06 139.53 2
PAC08 53.36 159.29 1
BERO09 56.51 166.22 2
BER10 62.14 167.54 1 3
ARC11 67.49 168.12 2
ARC12 71.19 159.42 3 3
BEA13 70.56 145.40 3 4
BEA14 70.50 135.50 2 2
110 56 71.70 126.48 4

235 191 71.76 130.83 3 1

280 42 70.87 130.51 2 5

320 82 71.57 133.94 4

345 125 71.33 132.57 2

394 38 69.85 133.50 1 2

430 138 71.22 136.72 2

460 145 70.67 136.08 3

540 134 70.75 137.89 1

620 99 70.70 139.61 8 1 4

670 89 69.80 138.44 2 1 2

680 35 69.61 138.21 8

690 31 69.49 137.94 1 4

760 106 70.55 140.80 12 3

Total 48 4 33 18 1

2 Flow cytometry sorting.
b Tangential flow filtration.
¢ Single cell pipette isolation.

FACSAria (Becton Dickinson, San Jos’ e, CA, USA) either 2.3 Molecular analyses
on board or back in the laboratory. For each strain between
1 and 20000 cells were sorted either into 96-well plates orGenomic DNA was extracted from 104 strains of photosyn-
directly into 5 ml glass tubes prefilled with K/2 (Keller et al., thetic flagellates: a volume of 2ml was collected from the
1987) medium. Different cell populations (picoeukaryotes, cultures during the stationary-state growth phase, centrifuged
nanoeukaryotes, and microeukaryotes) were discriminateét 11 000 rpm for 10 min, and 1.8 ml of supernatant removed.
based on side scatter as well as orange and red fluorescen¢6e genomic DNA was then extracted using Qiagen Blood
following excitation at 488 nm as described previously and Tissue kit (Qiagen, Cortaboeuf, France) as described
(Marie et al., 2010). Sorting was done in purity mode and previously (Balzano et al., 2012).
samples were immediately transferred ac4 For PCR, 1lul of genomic DNA was mixed with
For single cell pipette isolation, TFF concentrated or 0.5ul of 10uM solution of both forward and reverse
enriched seawater samples were observed using an invertgatimers, 15pul of HotStar Taq Plus Master Mix Kit
microscope Olympus IX71 (Olympus, Hamburg, Germany) (Qiagen, Courtaboeuf, France), 3 ul of Coral Load (Qiagen,
and 1.5 ml from each sample were collected and transferre€ourtaboeuf, France), and Milli-Q water up to a final
into a 24-well Iwaki plate (Starlab, Bagnieux, France). A volume of 30pul. For the 18SrRNA gene, primers
sample aliquot was transferred into a new well containing63f (5-ACG-CTT-GTC-TCA-AAG-ATT-A-3) and 1818r
sterile medium and this step was repeated 4 times for 45-ACG-GAA-ACC-TTG-TTA-CGA-3) were used (Lepre
final 100000 fold dilution of the enriched sample. Single et al., 2011). PCR reactions were performed with an initial
cells were then collected using a Nichipet EX 0.5-10 pl incubation step at 98C during 5 min, 35 amplification cycles
(Starlab, Bagnieux, France), transferred again into new(95°C for 1 min, 57°C for 1 min 30s, and 72C for 1 min
plates containing sterile media and incubated ®€ 4inder 30 ) and a final elongation step at@2for 10 min.
light—dark conditions for 1 to 2 weeks. The ITS region of the rRNA operon was amplified
from 28 Mamiellophyceae strains, most of them (24)

www.biogeosciences.net/9/4553/2012/ Biogeosciences, 9, 4858,-2012
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belonging to Arctic Micromonas using the universal positions using MEGA5 (Tamura et al., 2011). A General
primers ITS-1 (5TCC-GTA-GGT-GAA-CCT-GCG-G-3 Time Reversible (GTR) model with gamma distributed
and ITS-4 (5TCC-TCC-GCT-TAT-TGA-TAT-GC-3) which invariant sites (G +1) was then selected as the best model
amplify very small portions of both 18S and 28 SrRNA to infer the ML 18 S phylogeny. A Tamura—Nei model
genes and the whole ITS region (White et al., 1990). PCR(Tamura and Nei, 1993) was used for the NJ phylogeny. For
reactions were performed with an initial incubation step atboth methods, bootstrap values were estimated using 1000
94°C for 2min, 40 amplification cycles (9€ for 35s, replicates. The ML topology was used for all phylogenetic
46.2°C for 35, and 72C for 1 min), and a final elongation trees shown in this paper, which were constructed using
step at 72C for 10 min. MEGAS (Tamura et al., 2011).

For the two dinoflagellate strains RCC2013 and MALINA  For some Pedinellales species, only a portion of the
FT56.6 PG8, the 28SrRNA gene was amplified using18 SrRNA gene is available in literature. Therefore, we
primers D1R (5ACC-CGC-TGA-ATT-TAA-GCA-TA-3) aligned only the corresponding portion of our Pedinellales
and D3Ca (5ACG-AAC-GAT-TTG-CAC-GTC-AG-3) tar- sequences and inferred a partial 18 S phylogeny. The tree
geting the D1-D3 region of the nuclear LSU rDNA (Lenaers was constructed from an alignment of 37 sequences from
etal., 1989). PCR reactions included: 30 amplification cyclesPedinellales as well as other Heterokontophyta based on 434
of 94°C for 1 min, 55°C for 1 min 30's, and 72C for 1 min. unambiguously aligned positions.

18 SrRNA, ITS, and 28 SrRNA amplicons were purified Since all the 24 ITS sequences obtained for Arctic
using Exosap (USB products, Santa Clara, USA) and partiaMicromonas(Mamiellophyceae) were identical, only three
sequences were determined by using Big Dye Terminatoof them were considered for the phylogenetic analysis.
V3.1 (Applied Biosystems, Foster city, USA). A highly These sequences were aligned with sequences from other
variable region of the 18 SfRNA gene was sequencedMamiellophyceae strains from our study as well as from
using the internal primer Euk528f (€CG-CGG-TAA- previous works (Slapeta et al., 2006), for a total of 18
TTC-CAG-CTC-3, Zhu et al., 2005). The ITS region and sequences. 425 unambiguously aligned positions were used
the 28 S rRNA gene were sequenced using the primers ITS-4nd the phylogenetic tree topology was inferred by the
and D1R, respectively. Sequencing was carried out on aML method using a Kimura 2-parameter model (Kimura,
ABI prism 3100 sequencer (Applied Biosystems, Foster city,1980), and a discrete gamma distribution (5 categories (+ G,

USA). parameter =0.4993)) was used to model evolutionary rates.
NJ method and bootstrap values were calculated as described
2.4 Phylogenetic analyses above.

The 28 SrRNA gene sequences from the two dinoflagel-
Partial 18 SfRNA sequences were compared to thosdate strains (RCC2013 and FT56.6 PG8) isolated from the
available in Genbank using BLASThitp://blast.ncbi.nim.  MALINA cruise were aligned with 33 reference sequences
nih.gov//Blast.cgiand attributed to different high level taxa. from other dinoflagellates, and 542 unambiguously aligned
For each major taxonomic group (Chlorophyta, Cryptophyta,positions were considered. Different models of DNA
Alveolata, Heterokontophyta, Haptophyta), sequences wersubstitution were estimated and a GTR model with a discrete
aligned using ClustalW2h¢tp://www.ebi.ac.uk/Tools/msa/ gamma distribution (5 categories (+ G, parameter=0.59))
clustalw?d and then grouped into 21 genotypes based orwas used to infer ML phylogeny, whereas NJ phylogeny and
99.5% sequence similarity using Bioedit software (Hall, boostrap values were calculated as described above.
1999). We calculated a rarefaction curve using Ecositip(
/lwww.garyentsminger.com/ecosim/index.htrsoftware to 2.5 Microscopy

evaluate the portion of cultured phytoplankton diversity that ) o
we isolated during the leg 2b of the MALINA cruise. At least one strain per genotype was observed using light

Based on this preliminary analysis, the full 18 SrRNA microscopy. Cells were collected'during the exponential
gene was sequenced for at least one strain per genotygdoWth phase and observed using an Olympus BX51
using primers 63f and 1818r, described above. Twenty-sevefllicroscope (Olympus, Hamburg, Germany) with a 100X
full 18 SrRNA sequences were aligned with environmentalCPJ€ctive using differential interference contrast (DIC).
sequences from the MALINA cruise (Balzano et al., 2012) asCells were imaged with a SPOT RT-slider digital camera
well as with other reference sequences from Genbhtt:(  (Diagnostics Instruments, Sterling Heights, MI, USA) either
/lwww.ncbi.nim.nih.gov/nucleotide as described above. A directly or after fixation with 0.25% acidic lugol solution
total of 180 sequences were finally aligned. Highly variable (0-6 M Kl, 0.39 M crystalline iodine and 1.6 M GEOOH,
regions of the alignment were manually removed. Phyloge-S/9ma Aldrich, Saint-Quentin, France). Micrographs are
netic relationships were analysed using maximum likelihoog@vailable atttp://www.sb-roscoff.fr/Phyto/RC@r a large
(ML) and neighbour joining (NJ) methods (Nei and Kumar, S€t Of strains.

2000). Different models of DNA substitutions and associated
parameters were estimated on 1553 unambiguously aligned

Biogeosciences, 9, 4558571, 2012 www.biogeosciences.net/9/4553/2012/
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Strain RCC2013 was also prepared for scanning electrorstrain was genetically identical to several strains collected
microscopy (SEM), using the method described by Moestrupfrom different ocean$. prasinoshas been previously shown
et al. (2009a). Cells were fixed in a mixture of 600 pl 2% to occur in the Beaufort Sea (Lovejoy et al., 2007), and it was
Os(Qy and a 200 ul saturated HgCéolution. Samples were recovered by T-RFLP during the MALINA cruise at only
placed on 3-um-pore size Nuclepore (Pleasanton, CA, USAJour stations (Balzano et al., 2012), suggesting a marginal
polycarbonate filters, washed with distilled water, dehydratedcontribution to summer photosynthetic picoeukaryotes.
in an ethanol series (25 %, 50 %, 75%, 95%, 100 %) and Undescribed Mamiellaceae.From two stations in the
critical point dried. The filters were mounted on stubs, sputterBering Sea, we isolated three other strains of Mamiel-
coated with gold and examined with a JEOL JSM-6500F lophyceae. Cells from these strains are hemispherical, 4 um
SEM (JEOL-USA Inc., Peabody, MA, USA). wide, and possess a long (15 pum) flagellum and a second
very short (1 um) one (Fig. 1.2-1.4). A very pale reddish
eyespot and a pyrenoid-like inflated body are also visible.
3 Results These morphological features correspond to those typical
of Mantoniella squamataalthough electron microscopy is
Using a range of techniques we isolated 104 strains ofrequired for the identification of this species (Moestrup,
photosynthetic flagellates from different Arctic regions. 1990). The full 18 STRNA gene sequences from RCC2285
Ninety-three strains have been deposited to the Roscofind RCC2288 cluster with two environmental sequences,
Culture Collection (RCC), whereas the others have beerfrom MALINA and the Baltic Sea, respectively (Fig. 2,
lost or discarded subsequently. Complete information isChlorophyta, Mamiellophyceae), forming a very robust
available at http://www.sb-roscoff.fr/Phyto/RCCAfter a (100 % bootstrap support, for both ML and NJ) clade distinct
preliminary phylogenetic analysis, the strains were groupedrom the most closely related generMi¢romonas and
into 21 genotypes for which the full 18 SIRNA gene was Mantoniellg. ITS phylogeny confirms this finding, although
subsequently sequenced. the branch grouping RCC2285, RCC2288, and RCC2497 is
We isolated 63 Chlorophyta strains, 41 of which belongedless well supported (71% bootstrap) in ML (Fig. 3). Both
to Arctic Micromonas and 41 strains affiliated to Alveolata, 18 STRNA and ITS phylogeny indicate that our strains fall
Cryptophyta, Haptophyta, and Heterokontophyta (Table 2). within the family Mamiellaceae but probably belong to a new
genus (Figs. 2—-3). Detailed electron microscopy of the cell
3.1 Chlorophyta, Mamiellophyceae ultrastructure, the flagellar hair, and body scales would be
necessary to confirm this.
Arctic Micromonas. Fourty-one strains belong to Arctic
Micromonasand were isolated from the northern stations of 3.2 Other Chlorophyta
leg 1b and from 10 stations of leg 2b (Table 2, Supplement,
Table S1) at different depths. Besides Mamiellophyceae, we isolated 17 other Chlorophyta
Cells are spherical, 2um in diameter with a flagellum strains belonging to the generdephroselmis Chlamy-
about 5um long (Fig. 1.1). Consistent with a previous studydomonas, CarterigandPyramimonas
(Lovejoy et al., 2007), the full 18 STRNA gene sequences Nephroselmis.Three strains (RCC2490, RCC2498, and
from ourMicromonasstrains RCC2306 and RCC2308 group RCC2499) were isolated from the Bering Strait, with cells 3
with other Arctic sequences forming a sub-clade (94 % ML to 5 um long (Fig. 1.5), pear-shaped with two unequal flagella
bootstrap support) within clade B sensu Guillou et al. (2004).(http://www.sb-roscoff.fr/Phyto/RCARCC2498). Based on
This sub-clade is distinct fromMicromonas sequences the 18 SrRNA gene sequence, these strains belong to the
recovered from tropical and temperate waters (Fig. 2,same genotype. They cluster together (100% ML and
Chlorophyta, Mamiellophyceae). Although our strains haveNJ bootstrap support) with sequences froim pyriformis
beenisolated from both oligotrophic and mesotrophic watersrecovered from different oceanic regions and separate
ITS sequences were identical for all strains, as well asfrom other Nephroselmisspecies (Fig. 2, Chlorophyta,
identical to previously published ITS sequences of Arctic Nephroselmidophyceae). Since the 18 SrRNA gene appears
Micromonag(CCMP2099, Fig. 3). to be a good molecular marker for identifyitngphroselmis
Bathycoccus prasinosWe isolated one strain repre- up to the species level (Nakayama et al., 2007), our
sentative from another picoplanktonic Mamiellophyceae,data suggest that our strains belong No pyriformis a
B. prasinos Unfortunately, this strain was subsequently lost. cosmopolitan species occurring in temperate, tropical, but
This strain shares 99.8% 18 SrRNA and 99.5% ITS rRNAalso western Greenland polar waters (Moestrup, 1983;
gene sequence identity witB. prasinosCCAP K-0417  Lovejoy et al., 2002; Nakayama et al., 2007).
isolated from the Gulf of Naples. Chlamydomonas.We found two genotypes belonging
In contrast to Micromonas the genusBathycoccus to this genus. Cells from strain RCC2488 (referred as
is genetically homogeneous with very little sequenceChlamydomonasp. 1) are approximately 10 um long and
divergence (Guillou et al., 2004; Worden, 2006), and our5 um wide, with an ovoid shape (Fig. 1.6). Their 18 SrRNA

www.biogeosciences.net/9/4553/2012/ Biogeosciences, 9, 48582012
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gene sequences is identical to that of the freshwater speci€a3 Haptophyta, Prymnesiophyceae
C. raudensig(Fig. 2, Chlorophyta, Chlorophyceae), which
has been previously reported in an Antarctic lake (Pocock etVe isolated 4 Prymnesiophyceae strains, affiliated to two
al., 2004).Chlamydomonasp. | clusters withC. raudensis  genotypes, during leg 1b.
and C. parkeraewithin the Moewusii clade sensu Pocock  Haptolina. Strains RCC2299 and RCC2300 were isolated
(Pocock et al., 2004). from the NE Pacific (Table 2). Cells are spherical, about
Strains RCC2041 and RCC2512 (corresponding to5pum in diameter with two yellow-brown chloroplasts and
Chlamydomonasp. Il) are larger in size (approximately two flagella (Fig. 1.13). The spines and the haptonema
20um long and 10pum wide), with a reddish, clearly are not visible in light microscopy. The taxonomy of
distinguishable eyespot and a basal pyrenoid (Fig. 1.7). ArPrymnesiales has been recently revised with the description
apical papilla is also slightly visibleChlamydomonasp. I of the new genublaptolinaand the transfer to this genus of a
clusters with freshwater strains, especially from polar watersnumber of species previously affiliated@hrysochromulina
5 forming a well (100 % ML and NJ bootstrap) supported including H. ericina andH. hirta (Edvardsen et al., 2011),
clade (Fig. 3, Chlorophyta, Chlorophyceae), and falls into thewhich are the two species clustering with RCC2300 (92 %
Polytoma clade (Pocock et al., 2004). ML bootstrap support, Fig. 2, Prymnesiophyceae). These
Carteria. Strain RCC2487 belongs to the gerCarteria. two species cannot be discriminated using the 18 SrRNA
Cells are almost spherical, approximately 30 um long andgene, but other taxonomic markers such as the 28 SrRNA
25 um wide (Fig. 1.8). Our strain is genetically affiliated with gene could have helped for the identification (Edvardsen
CCMP1189 isolated from Arctic waters, and both strainset al., 2011). This clade has a sister clade which includes
group withC. radiosa C. obtusaand a freshwateCarteria H. fragaria and an environmental sequence from MALINA
sp., forming a very robust (100% ML and NJ bootstrap (Fig. 2, Prymnesiophyceae), and these two clades are well
support) clade (Fig. 2) which likely corresponds to the supported and delineate the gendsptolina as shown
Carteria | clade (Suda et al., 2005). Members from this previously (Edvardsen et al., 2011).
clade usually occur in temperate water, and to the best of Imantonia. Strains RCC2298 and RCC2504 contain cells
our knowledge this is the first record of an Arctic strain approximately 3um long, spherical or pear shaped (3 pm
belonging to this clade. long and 2pum wide, Fig. 1.14). Two lateral chloroplasts
Pyramimonas.Eleven strains, belonging to four distinct and two flagella are located in the wider part of the cell. A
genotypes have been isolated. Cells are spherical to pear-likeingle species, rotunda has been described for this genus to
shaped, 5 to 10 um long and 3 to 6 um wide (Fig. 1.9—-1.12)date. Strain RCC2298 shares 99.8 % 18 S rRNA gene identity
A pyrenoid in the middle or apical region of the cell, a with I. rotunda strain ALGO HAP23 (GenBank accession
chloroplast with three to four lobes, and a lateral reddishnumber AM491014), as well as two unidentifizdantonia
eyespot may be visible in light microscopy. Strains from the strains (Fig. 2, Prymnesiophyceae). Representatives of the
different genotypes are undistinguishable in light microscopygenus Imantonia have been previously recorded in high
and a certain degree of morphological variability in terms latitude (Backe-Hansen and Throndsen, 2002) and temperate
of shape (spherical to pear-shaped) and presence of eyesp@ercopo et al., 2011) waters.
may occur within the same strain.
Pyramimonass a highly diverse genus comprising four 3.4 Cryptophyta, Cryptophyceae
distinct subgenera (Daugbjerg et al., 1994; Moro et al.,
2002). The 18 SrRNA gene sequencesgfamimonassp. Rhodomonas.The eleven Cryptophyceae strains isolated
| (strain RCC2009) andPyramimonassp. IV (RCC2500, from one NE Pacific and five Beaufort Sea stations belong
RCC2501) group with those ¢f. australisandP. parkerae  to the same genotype. Cells are ovoid, approximately 20 um
within the subgenuSrichocystig(Fig. 2, Chlorophyta, Pyra- long and 10 pm wide, with two greenish-brown chloroplasts
mimonadales)Pyramimonassp. 1l (RCC2009, RCC2015, and a short furrow extending posteriorly (Fig. 1.15). Cells
RCC2047, RCC2048, RCC2295, RCC2296, RCC2297 possess two equal flagellainserting into a ventral furrow. The
RCC2502) andPyramimonassp. Il (RCC1987) cluster genusRhodomonagan be distinguished from the closely
with P. gelidicola and P. disomatawithin the subgenus related genustoreatulabecause the latter lack the furrow
Vestigifera Due to the low 18 S rRNA gene variability of the (Deane et al., 2002).
genusPyramimonasat an interspecific level (Caron et al., The full 18 SrRNA gene sequence from RCC2020
2009), the different species cannot be discriminated solelyclusters withR. abbreviata(81 % ML bootstrap support,
by their 18 SrRNA sequences. Other phylogenetic markers=ig. 2, Cryptophyceae). Genus level phylogeny is not well
commonly used for Chlorophyta suchrégL do not resolve  resolved foRhodomongghe RCC202@R. abbreviataclade
Pyramimonastaxonomy either (Suda, 2004), and electron branches with othelRhodomonasspecies but also with
microscopy is required for a detailed identification. other genera such &hinomonagsStoreatula Cryptomonas,
and PyrenomonaqFig. 2, Cryptophyceae). This confirms
previous findings highlighting thatRhodomonasis a

Biogeosciences, 9, 4558571, 2012 www.biogeosciences.net/9/4553/2012/
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RCC2499

RCC2501

RCC2487

11  Rcc1987 12 RCC2500

13 RCC2299

17 RCC2290

RCC2292 19 RCC2283

L 4

21 RCC2040 22 RCC2492 23 RCC2505

Fig. 1. Microscopy images of a selection of strains isolated during the MALINA cruise. Scale bar is 5um for all images ex@épolioyon faculiferum(1.16), for which

it is 15um. Please note that the images 1.1, 1.3, 1.5, 1.13, 1.18, 1.19, 1.22 and 1.23 include strains that have been photographed after lugol fixation whereas the other image
have been obtained on living microorganisms. MamiellophycégeArctic Micromonasstrain RCC2246(2) Undescribed Mamiellaceae strain RCC24@,.4) Undescribed
Mamiellaceae strain RCC2288. Cell possesses two unequal flagella. Nephroselmidoptdydéaghroselmis pyriformistrain RCC2499. Chlorophyceg@) Chlamydomonasp.

| strain RCC2488(7) Chlamydomonasp. Il strain RCC2041. Cell possesses a median red eyespot and a basal py8adteria sp. strain RCC2487. Pyramimonadalé:
Pyramimonasp. IV strain RCC2501(10) Pyramimonassp. | strain RCC200911) Pyramimonassp. Ill strain RCC1987(12) Pyramimonassp. IV strain RCC 2500. Note red
eyespot. Prymnesiophyced#3) Haptolinasp. strain RCC229914) Imantoniasp. strain RCC2298. Cryptophyce#&5) Rhodomonasp. strain RCC1998. The furrow is clearly
visible. Chrysophyceag16) Dinobryon faculiferunstrain RCC2292. Cell with loricg17) Dinobryon faculiferunRCC2290. Dictyochophyceagt8) Undescribed Pedinellales sp.

| strain RCC2289 in apical view. Six chloroplasts are visifl®) Undescribed Pedinellales sp. | strain RCC2283 in lateral view. Note the presence of an upward flagellum and a
downward stalk(20) Undescribed Pedinellales sp. Il strain RCC2286. Pelagophy(ZBejindescribed Pelagophyceae. sp. | strain RCC2(@®).Undescribed Pelagophyceae sp.

1l strain RCC2492(23) Undescribed Pelagophyceae sp. lll strain RCC2505.

Biogeosciences, 9, 45538571, 2012 www.biogeosciences.net/9/4553/2012/
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Heterokontophyta

Pedinellales CCMP2098 EU247836 Arctic
98/100| © RCC2286 Pedinellales sp. Il IN934678

O RCC2301 Pedinellales sp. Il JN934682
Pedinella cf. squamata AB081517 Pacific
Pseudopedinella elastica U14387
Pteridomonas danica L37204

Uncultured Heterokontophyta FN690666 Baltic

Pedinellales

1001100 991%

S1320 3m Nano ES069 F4 JF698788
Ciliophrys infusionum ABOB1641 | Giliophryales/
9% Rnizochromuiina of. marina U14365 Rhizochromulinales|
‘ Dictyochales

Florenciella parvula AY254857 Florenciellales
_15t320 3m Nano ES069 A5 JF698776
asr100; Pelagophyceae EU247837 Arctic
St320 3m Nano ES069 C5 JF698781
Aureococcus anophagefferens AF119119 Atlantic
1320 70m Nano ES065 B3 JF698769
Pelagomonas calceolata U14389 Pacific
Pelagococcus subviridis U14386
@ RCC2505 Pelagophyceae sp. il IN934690
RCC 286 Ankylochrysis lutea FJ973363
0 RCC2040 Pelagophyceae sp. | JF794050
75| |® RCC2492 Pelagophyceae sp. Il N934687
99100L Uncultured Heterokontophyta FN690690 Baltic
g7 Paraphysomonas imperforata EF432519
10099[TRCC199:
Paraphysomonas foraminifera Z38025
Chromulina chionophila M87332
Chromulina nebulosa AF123285
Chiysoxys sp. AF123302
@ RCC2290 Dinobryon faculiferum JF794055
@ RCC2293 Dinobryon faculiferum JF794055
$t320 3m Nano ES069 E8 JF698787
1007100L— Uncultured eukaryote AY919752 Freshwater

Ochromonas danica EF165108
o AF123204
85773 [ Spumella danica AJ236861
L Spumella elongata AJ236859
f——————Ochromonadaceae EU247838
Ochromonas sp. EF165142
c

Pelagomonadales

[Sarcinochrysidales

imperforata JN934668

99
100/100y

AF123297
Uncultured eukaryote JF730832 Arctic

Dinobryon cylindricum EF165140
~aiagl” Dinobryon sociale AF123291
Dinobryon sertularia AF123289

Alveolata: Dinophyceae

72— Protoperidinium bipes AB284159
100/100] pellucidum AY443022
L Protoperidinium paliidum AB181899
AY443

91/_

Gymnodinium aureolum DQ779991

$t320 70m Nano ES065 H7 JF698775

Uncultured eukaryote AY664895

Uncultured Woloszynskia GU067825

Woloszynskia pascheri EF058253

80193 Uncultures eukaryote FN690123 Baltic

9386 Biecheleria baltica EF058252 Baltic
“ourroo|; Biecheleria cincta FR690459 Pacific

, Y@ RCC2013 Biecheleria cincta JF794059

7584|® MALINA FT56.6PG8 Biecheleria cincta JN934667

Uncultured eukaryote AB275020 Pacific

Gymnodiniales

Suessiales

Haptophyta: Prymnesiophyceae

100100 Phaeocystis pouchetii AF182114 Arctic
5320 70m Nano ES065 D7 JF698771

_ oy Chrysochromulina cymbium AMA491018
$t320 70m Nano ES065 G2 JF698773
$t320 3m Nano ES069 D4 JF698783
Chrysochromulina campanulifera AJ246273
51320 3m Nano ES069 C7 JF698782
Chrysochromulina simplex AM491021
1390 3m Pico ES020 P2G9 JF698758
Imantonia sp. AB183605

Imantonia sp. AM491015 Atiantic

1201} imantonia rotunda AM491014 Atlantic

W RCC2298 Imantonia sp. JN934681
Pseudohaptolina arctica AM491016

% prymnesium parvum AMB50692

Prymnesium pigrum AMA491003

7o) Haptolina fragaria AMA491013

$t390 3m Nano ES021 G6 JF698763
Haptolina ericina AM491030 Atiantic

W RCC2300 Haptolina sp. JF812342
Haptoplina hirta AJ246272 Alantic

‘Phaeocyslales

Prymnesiales

Chrysophyceae

Peridiniales

Dictyochophyceae

Pelagophyceae

9381

Chlorophyta

100100 Pseudoscourfieldia marina AJ132619
ﬁ Pycnococcaceae
Pycnococcus provasolii AY425305
Pyramimonas gelidicola HQ111510 Antarctic
0 RCC2015 Pyramimonas sp. Il JF794048
35, |Uneuitured Chlorophyta FN690733 Balic Pyramimonas
| Pyramimonas gelidicola EU141942 Antarctic | subgenus Vestigifera

5320 70m Nano ES065 F2 JF698772

W RCC1987 Pyramimonas sp. Ill JN934670
Pyramimonas disomata FN562440

Pyramimonas tetrarhynchus FN562441
Pyramimonas parkerae FN562443

@ RCC2009 Pyramimonas sp. | JF794047
Uncultured eukaryote EU371355 Arctic
Pyramimonas australis AJ404886 Antarctic

W RCC2500 Pyramimonas sp. IV JN934689
Pyramimonas aurea AB052289

Pyramimonas olivacea FN562442

Cymbomonas tetramitiformis FN562438
Halosphaera sp. ABO17125

0 RCC2308 Arctic Micromonas JN934683
0 RCC2306 Arctic Micromonas JF794057
Arctic Micromonas CCMP2099 DQ025753
51320 70m Pico ES064 D2 JF698767
S1390 3m Pico ES020 P1D7 JF698749
— clade B AY425316
Micromonas clade A AY955009 Indian
Micromonas clade C AF525867 Pacific
Mantoniella antarctica AB017128
Mantoniella squamata X73999 Atlantic

1320 3m Nano ES069 D5 JF698784

Pyramimonadales

Pyramimonas
subgenus Trichocystis

9519

Mamiellaceae .
Mamiellophyceae

e JF794053
e JN934679
65/_| Uncultured Chiorophyta FN690725 Baltic

51320 3m Nano ES069 D8 JF698785
Memiella gilva FN562450

007100l Mamiella sp. AB017129

100100 Bathycoccus prasinos AY425314 Mediterranean

@ MALINA S664 Bathycoccus prasinos JF794058
Ostreococcus sp. AY425307
Ostreococcus sp. AY425311
Crustomastix didyma AB183628
Crustomastix stigmatica AJ629844
Dolichomastix tenuilepis FN562449
Monomastix minuta AB491653

7007100 L Monomastix opisthostigma FN562445
Nephroselmis viridis AB533370
Nephroselmis olivacea FN562436
Nephroselmis rotunda FNS62434
Nephroselmis spinosa AB158375
Nephroselmis astigmatica ABB05798
Nephroselmis intermedia AB158373
Nephroselmis pyriformis AB0S8378 Pacific

10099

Bathycoccaceae

Dolichomastigales

‘ Monomastigales

100/100

007100

Nephroselmidophyceae

4/_|m RCC2498 Nephroselmis pyriformis JN934688
Narnnochloris sp. AB183636
Prasinophyte sp. AY425302
Picocystis salinarum AF125167

100/100 Tetraselmis sp. AB058392
ﬂtraselmis striata X70802

Chiorella vulgaris X13688
89 _
221553

‘ Chlorodendrophyceae

‘ Trebouxiophyceae

700700 Trebuxia

Oogamochlamys zimbabwiensis AJ410470

100/100/® RCC2487 Carteria sp. JN934685

Chlorophyceae CCMP1189 AF203398 Arctic

Carteria sp. AF182817 Freshwater

Carteria radiosa AF182819

Carteria obtusa AF182818

Chlamydomonas sp. AY731083 Antarctic

W RCC2041 Chlamydomonas sp. |l JN934674

Jo0r100| Uncultured Chlamydomonad AF514398 Arctic

Chlamydomonas pulsatila AF514404 Arctic

Chlamydomonas kuwadae AB451190 Freshwater

Chlamydomonas noctigama AF008242

Chlorococeu littorale AB058336

Chlamydomonas parkerae AB058373 (Clamydomonas

o6 ] Chlamydomonas raudensis AJ781313 Antarctic [Moewusii clade
10077001@ RCC2488 Chlamydormonas sp. | JN934686

m

Chlorophyceae

Chlamydomonas
Polytoma clade

Cryptophyta: Cryptophyceae
1001100 — Goniomonas pacifica AF508277
Goniomonas sp. AY360456

90193 | Hemiselmis cryptochromatica AM901354
390 3m Pico ES020 P2C9 JF698754
Hemiselmis virescens AJ007284
Falcomonas daucoides AF143943
Rhinomonas pauca U53132
Storeatula major U53130
‘ORCC2020 Rhodomonas sp. JN934672
Rhodomonas abbreviata RAU53128 Atlantic
Cryptomonas acuta AB240956
Pyrenomonas helgolandi AB240964
Rhodomonas salina EU926158
Rhodomonas maculata AF508274
Rhodomonas sp. AJO07286 Mediterranean

‘ Goniomonadales

700100
Cryptomonadales

Fig. 2. Full 18 SrDNA phylogenetic tree including at least one sequence from each genotype found within the strains isolated during the MALINA cruise. The tree has been split
into five groups (Heterokontophyta, Chlorophyta, Dinophyceae, Prymnesiophyceae and Crytophyceae); two fungal sBhoemésbaruniY337712 andSidowia polyspora

AY544718) have been used as outgroups and are not shown for clarity. The tree was inferred by maximum likelihood (ML) analysis using MEGAS5. 1553 unambiguously aligned
positions were considered from an alignment of 180 nucleotide sequences. The strains sequenced in the present study are labelled in red, the environmental sequences recover
during the MALINA cruise (Balzano et al., 2012) are in blue, and other reference sequences from the Genbank are in black. Full circles indicate genotypes isolated from nitrogen
depleted waters (surface waters from the leg 2b); full squares, genotypes isolated from mesotrophic waters; and empty circles, genotypes isolated from both conditions. The tree
with the highest log likelihood{26101.3937) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches from left (ML, 1000
replicates) to right (NJ, 1000 replicates)-"indicates that bootstrap values70 % were obtained for the corresponding node. Poorly supported clads% bootstrap support)

have been removed. A discrete Gamma distribution was used to model evolutionary rate differences among sites (5 categories (+ G, parameter = 0.4722)). The rate variation mode
allowed for some sites to be evolutionarily invariable ((+1), 27.2360 % sites). The tree is drawn to scale, with branch lengths estimated as the number of substitutions per site.
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polyphyletic genus and its key diagnostic features mayMediterranean strains (Figs. 3 and 5), proved the existence
represent the characters of the clade (Deane et al., 2002). of a type E eyespot ilV. cincta(Kang et al., 2011).

On the basis of our new morphological and genetic data
3.5 Alveolata (Dinophyceae) and previously provided evidences, we therefore propose the

following new combination fokV. cincta

We isolated and sequenced from the Beaufort Sea (Table 2) Biecheleria cincta(Siano, Montresor & Zingone) Siano
two strains of dinoflagellates (RCC2013 and FT56.6 PG8)comb. nov.
belonging to a single genotype. Strain RCC2013 has Basionym: Woloszynskia cinctaSiano, Montresor &
been observed both in light and electron microscopy,Zingone in Siano et al. (2009, 54, Figs. 35-44).
whereas the second strain was lost before these microscopy This dinoflagellate species has a wide distribution since
analyses could be carried out. Cells are almost sphericait has been found in tropical (Kang et al., 2011), temperate
approximately 10um in diameter, with a shallow and (Siano et al., 2009) and polar waters (this work).
descending cingulum, a deep sulcus, and a bright yellow
eyespot (Fig. 4.1, arrow). In electron microscopy, four series3.6 Heterokontophyta
of plates in the epicone and three in the hypocone are visible . i
(Fig. 4.2 and 4.3), as well as an elongate apical vesicle (EAV,We isolated a total of 25 strains belonging to the classes

see Moestrup et al., 2009a, for the definition of the EAv, Chrysophyceae, Dictyochophyceae, and Pelagophyceae,
Fig. 4.4 and 4.5). which grouped into 6 distinct genotypes.

The morphology of this strain perfectly matches with
Woloszynskia cinct8iano, Montresor and Zingone, a species

described from the Mediterranean Sea (Siano et al., 2009;,,hryon, Four strains have been morphologically iden-
and reported also in the Pacific Ocean (Kang et al.fieq asDinobryon faculiferum Dinobryon species can be

2011). This identification is corroborated by genetic data.ggily identified because cells are surrounded by a cellulose
The 18 STRNA gene sequences from the MALINA strains |gica |n RCC2292, RCC2293, and RCC2294 cells are
share 99.9% identity with th&V. cinctastrain from the  ggjitary and surrounded by a thin and cylindrical lorica

Pacific Ocean (Kang et al., 2011), and the 28 STRNA gene;n_goum long and 5-10 um wide; this lorica terminates

sequences of our strains share 100% identity with thei, 5 jong spine (Fig. 1.16-1.17). Within the lorica, cells
W. cinctafrom both the Pacific Ocean and Mediterranean are ovoid, approximately 10 um long and 5 um wide. These

Sea. In both 18 S and 28 STRNA gene sequence phylogeniefaatyres are typical ob. faculiferum (Throndsen, 1997),

W. cincta form robust clusters with sequences of the ,hich has been frequently observed in Arctic waters (Booth
genus Biecheleria (18 S: 100% bootstrap for both ML o 4 Horner 1997 Lovejoy et al., 2002).
and NJ, Fig. 3; 28S: 96% ML, 100% NJ bootstrap, — Genetically, the three strains (Supplement, Table S1)
Fig. 5), questioning the ascription . cinctato the genus  e|ong to the same genotype, and the strains RCC2290 and
Woloszynskia , _ RCC2293 (full 18 SIRNA gene) are grouped together and
In recent years, the systematics of the geatoszynskia  aye 5 sister clade which includes an environmental sequence
have been revised on the basis of both genetic angom MALINA (Fig. 2, Heterokontophyta, Chrysophyceae).
morphological data. Many species previously classified asgequences fob. faculiferumas well as for other marine
Woloszynskigbut morphologically different from the type Dinobryon species are not available in Genbank and,

species of the genuby. reticulata(Moestrup et al.,, 2008), g rprisingly, sequences from other freshwater species such
have been recombined in four newly described genera,;

X g ) o ; s as D. sociale D. cylindricum, and D. sertularia form a
Biecheleria, Borghiella, Jadwigiaand Tovellia (Lindberg

_ J  clade distinct from that of our strains. Marine species of
et al., 2005; Moestrup et al., 2008, 2009a, b). In add't'on'Dinobryon could group with our sequences and form a

three new genera of woloszynskioid dinoflagellates haveggparate clade from freshwaf@inobryonspecies. However
been erectedBaldinia, Biecheleriopsisand Pelagodlnlum the phylogeny of the overall genus is not well resolved
(Hansen et al,, 2007; Moestrup et al., 2009b; Siano(rig 2 "Heterokontophyta, Chrysophyceae). More sequences

et al,, 2010). Morphologically,W. cincta shares with  om marine species will be needed to better characterise this
Biecheleria pseudopalustria posterior invagination and a genus.

spiny spherical cyst (Moestrup et al., 2009a; Siano et al.,

2009).Biecheleria halophileandB. pseudopalustribave a  Dictyochophyceae

type E eyespot sensu Moestrup and Daugbjerg (Moestrup

and Daugbjerg, 2007). The presence of a type E eyespot waBedinellales. We isolated 10 strains from this order
not reported in the original description . cinctabased belonging to two distinct genotypes (Fig. 2, Heterokonto-
on the Mediterranean strain (Siano et al., 2009), but thephyta, Dictyochophyceae). Strains from these two genotypes
ultrastructural analyses of the Pacific strain (Fig. 15 in Kangare undistinguishable in light microscopy. Cells are
et al., 2011), genetically identical to the MALINA and the spherical, 5-8 um in diameter. In anterior view, cells are

Chrysophyceae

Biogeosciences, 9, 4558571, 2012 www.biogeosciences.net/9/4553/2012/
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95/99 | 100

100/96

Dolichomastix tenuilepsis FN562449

Monomastix minuta FN562446

0.1

Fig. 3. ITSrRNA based phylogeny of the Mamiellophyceae strains isolated from the Beaufort Sea. The phylogenetic tree was inferred by
maximum likelihood (ML) analysis. 425 unambiguously aligned positions were considered from an alignment of 18 sequences. Sequences
from MALINA strains are labelled in red. The evolutionary history was inferred by using the maximum likelihood method based on the
Kimura 2-parameter model. The tree with the highest log likelihae@7(18.0303) is shown. A discrete Gamma distribution was used to
model evolutionary rate differences among sites (5 categories (+ G, parameter = 0.4993)). The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. The tree was rootellaitbmastix minutas an outgroup. The tree has been then edited,
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RCC2309 Arctic Micromonas JQ413371
99/100| RCC2252 Arctic Micromonas JQ413366
RCC2257 Arctic Micromonas JQ413367
Arctic Micromonas CCMP2099 AY954999
Micromonas clade B AY954996
Micromonas clade C AY955004
Micromonas clade A AY954997
Mantoniella squamata FN562451
RCC2285 Undescribed Mamiellaceae JQ413368
71/ | RCC2288 Undescribed Mamiellaceae JQ413369
RCC2497 Undescribed Mamiellaceae JQ413370
100/100{ MALINA S664 Bathycoccus prasinos JQ413372
Bathycoccus prasinos FN562453

100/100 <’j Ostreococcus tauri AY586747

Ostreococcus tauri AY586731

Crustomastix stigmatica FN562448

and ML and NJ bootstrap values have been included as described in Fig. 3. Evolutionary analyses were conducted in MEGAS.

Fig. 4. Light microscopy (LM) and scanning electron microscopy (SEM) micrograpBsemheleria cinctacomb. nov. strain RCC20181)
SEM: ventral view, the arrow indicates the eyespot, scale bar = 1@QU8EM: ventral view, scale bar = 5 urf8) SEM: dorsal view, scale
bar = 5um.(4) SEM: apical view, note the presence of the EAV (elongate apical vesicle), scale bar X% B&M: details of the apical

groove, scale bar = 1 um.
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Fig. 5.28 SrDNA phylogenetic tree inferred by maximum likelihood (ML) analysis for the dinoflagellate strains isolated during the MALINA
cruise. 543 unambiguously aligned positions were considered from an alignment of 35 nucleotide sequences. The strains sequenced in th
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[]93/98! Protodinium simplex FJ024704

96/100

100/100

85/

89/84
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Biecheleria cincta FJ024705
MALINA FT56.6 PG8 Biecheleria cincta JQ413374
RCC2013 Biecheleria cincta JQ413373
Biecheleria pseudopalustris AF260402
Biecheleria cincta FR690459
Biecheleria baltica AY628430
Biecheleria baltica EF205019
Biecheleriopsis adriatica EU857537

| — |, Protodinium simplex AF060901

100/100[ Symbiodinium microadriaticum AF060896
‘ Symbiodinium natans EU315917
Pelagodinium béii GQ422124

L Pelagodinium sp. DQ195363

99/100! Pelagodinium sp. DQ195367

4 Polarella glacialis AY128523

100/100! Polarella glacialis AY036081

Baldinia anauiensis EF052683

99/95

Borghiella dodgei EU126801

/ Woloszynskia Pascheri EF058276
99/94
73/91

Borghiella tenuissima AY571374

Gyrodinium dominans AY571370

Gyrodinium rubrum AY571369

99/91

Gymnodinium aureolum strain J024697

Gymnodinium fuscum AF200676

Prorocentrum mexicanum AF260378

84/93 Prorocentrum minimum AF260379

100/100] Dinophysis caudata AB473685

95/76

L Dinophysis sacculus AF318242

ﬂ‘j Jadwigia applanata AY950447
Jadwigia applanata AY950448

‘ Tovellia coronata AY950445

100/1 OO‘ Tovellia coronata AY950446
—— Ceratium fusus AF260390

—
0.1

100/100L—— Ceratium lineatum AF260391

present study are labelled in red. The tree with the highest log likelihe®®75.65) is shown. A discrete gamma distribution was used

to model evolutionary rate differences among sites (5 categories (+ G, parameter = 0.63)). The tree is drawn to scale with branch length
measured in the number of substitutions per site. Evolutionary analyses were conducted in MEGAS (Tamura et al., 2011). The tree was

rooted withCeratium fususnd Ceratium lineaturmas outgroups. Bootstrap values70 % are shown next to the branches from left (ML,
1000 bootstrap) to right (NJ, 1000 bootstrap).”indicates that lower bootstrap values were obtained for the corresponding node.
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radially symmetrical and possess six peripheral chloroplasteandPelagococcusSp. Il is closely related to an environmen-
(Fig. 1.18 and 1.20). When viewed from the side, a stalktal sequence from Baltic Sea ice (Fig. 2, Heterokontophyta,
and a flagellum are visible (Fig. 1.19). We are not certainPelagophyceae).

of the genus level identification of our strains because

morphological features such as the stalk shape (straight , .

or coiled) and the presence of tentacles, which allow the? Discussion
identification of Pedinellales (Sekiguchi et al., 2003), are not

visible.

Genetically, MALINA Pedinellales strains cluster 10 Tha combination of both concentration by TFF and
two distinct groups: the first group_includes 7 strains medium enrichment with FCS and single cell pipette
(sp. 1) whereas the second group includes two strain§goiation proved to be successful for isolating eukaryotic
(sp. Il, Table S1). The full 18 STRNA gene sequence from v iqpiankton and preventing their contamination by
RCC2289 (sp. |) clusters with environmental sequence;gierotrophic microorganisms. Some of our cultures proved
from MALINA and the Baltic Sea (100% bootstrap 4 e non-unialgal and were further purified using single cell
25 support) and form a sister clade wiiteridomonas g | these cultures, the dominant genotype was initially
danica (Fig. 2, Heterokontophyta, Dictyochophyceae). .qntaminated either by other phytoplankters (especially the
Partial 18 STRNA phylogeny indicates that our sequenceggnyic diatomChaetocerossp.) or by heterotrophs such
group withHelicopedinella tricostatgSupplement, Fig. S1), a5 yncultured Cercozoa or a Chrysophyceae affiliated to

forming a well supported (94% and 98% ML and NJ, paraphysomonas imperforat@ihe latter has a cosmopolitan
respectively) clade. However, sp. | probably does not belongyisiripytion and is an opportunistic species which often
to the genugelicopedinellabecause our strains possess six dominates enrichment cultures (Lim et al., 1999).
chloroplasts (Fig. 2), while gentdelicopedinellais defined Several genotypes could not be identified down to
as containing only three chloroplasts (Sekiguchi et al., 2003)the species level. In addition, Dictyochophyceae and

In contrast, full length sequences from RCC2286 andpg|agophyceae strains could not be identified at the genus
RCC2301 (sp. Il) cluster with the strain CCMP2098 and level, and we found a new genus within Mamiellaceae.

Pedinella squamaigforming a well supported clade (98 % \ynole mount and/or thin section electron microscopy would
and 100% ML and NJ bootstrap support, respectively)pe required to characterise these genotypes further.
and suggesting that our strains might belong to the genus

Pedinella Partial 18 SfIRNA phylogeny indicates however 4.2  Autotrophic microbial diversity revealed using
that our sequences group witA squamataas well as culturing techniques
Mesopedinella arctic&)CC382 (Supplement, Fig. S1). The
attribution of RCC2286 and RCC2301 to the geRadinella  Significant diversity occurred within cultured photosynthetic
is thus also uncertain. flagellates, and 8 genotypes found here were not detected
Phytoplankton counts from MALINA samples indi- by T-RFLP or cloning/sequencing of environmental samples
cate that Pseudopedinellaspp. dominate Pedinellales, sorted by flow cytometry based on their chlorophyll
wherea$seudopedinella pyriformendApedinella spinifera  fluorescence, and thus containing only photosynthetic
were occasionally presenhtfp://www.obs-vlifr.fr/Malina/  eukaryotes (Table 2). Within these genotypeepdomonas
data.htm). The partial 18 SrRNA gene sequences from oursp. was not targeted during sorting because it contained
strains are distinct from botipedinellaand Pseudope- orange-fluorescing phycoerythrin and therefore did not
dinella (Supplement, Fig. S1). appear in the T-RFLP data. Howev&hodomonasp. was
PelagophyceaeEleven strains affiliated to this class were observed by light microscopy in environmental samples
isolated (Supplement, Table S1) and grouped into thregTable 2, http://www.obs-vifr.fr/Malina/data.htland was
genotypes (Table 2) which cannot be distinguished by lightpreviously found in the North Water Polynya off Greenland
microscopy. Cells are hemispherical or bean shaped in sid€Lovejoy et al., 2002). In contrast, the other genotypes are
view, about 5-7um long (Fig. 1.21-1.23), and adornedlikely to belong to rare species which can be easily cultured.
with two lateral flagella and a lateral yellowish-brown The rarefaction curve indicates that we sampled a very
chloroplast. These features might correspond to those typicdhrge portion of the community of photosynthetic flagellates
of Ankylochrysis lutegHonda and Inouye, 1995), and the duringthe MALINA leg 2b that could be cultivated under the
cells from our strains are similar in size and shape to thoseonditions we used (Supplement, Fig. S2). However, if we
of the strain RCC286 identified a&. lutea (http://www. had used a larger diversity of media and isolation strategies,
sb-roscoff.fr/Phyto/RCEL we would have probably recovered many other genotypes.
The 18 SrRNA gene sequences from the three genotypes The four Pyramimonasgenotypes are undistinguishable
branch with A. lutea into a well supported clade (98 % by light microscopy and group into two T-RFLP ribotypes
ML, 92 % NJ bootstrap support) distinct from the other 25 (sp. I/sp. IV and sp. ll/sp. Ill). Similarly, the different
Pelagophyceae genera suchAaseococcus, Pelagomonas, genotypes found within Pedinelalles and Pelagophyceae

4.1 Isolation and identification success
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share the same T-RFLP patterns for the restriction enzymethe genusChrysochromulinavere observed by T-RFLP and
used by Balzano et al. (2012) and cannot be discriminated bygloning/sequencing in both surface and DCM samples during
T-RFLP. Therefore, although we isolated several genotypesALINA (Balzano et al., 2012). Microscopy counts also
within the genusPyramimonasthe order Pedinellales, and revealed the presence Ghrysochromulinaspp. throughout
the class Pelagophyceae we cannot determine whether ale Beaufort Seah{tp://www.obs-vifr.fr/Malina/data.htrl
the cultured genotypes were present in the environmental
samples analysed in the companion paper (Balzano et al4.4 Low diversity of photosynthetic picoplankton
2012).

Surprisingly, we found few dinoflagellates among both our Arctic Micromonasand B. prasinoswere the only taxa of
strains and environmental samples of nanoplankton (Balzanpicoplanktonic size recovered during this stutipgantonia
et al., 2012). However, microscopy counts revealed therotundahas been previously reported to k€2 pm (Vaulot
presence of several dinoflagellate species during MALINA, et al., 2008), but our strains dfmantoniasp. had a larger
although never as dominant taxa. Most of them weresize (Fig. 1.14). In contrast, during a similar study carried
larger than 15 um and belonged to the ger@yannodinium  out in another oligotrophic system, the southeast Pacific
and Gyrodinium (http://www.obs-vlfr.fr/Malina/data.htrnl Ocean, photosynthetic picoplankton was more diverse (Shi
Dinoflagellates are an important component in the Arcticet al., 2009) and picoplanktonic strains belonging to several
(Okolodkov and Dodge, 1996), and they occur during differentlineages were successfully isolated and cultured (Le
summer in the Chukchi Sea (Booth and Horner, 1997)Gall et al., 2008). A higher diversity of total photosynthetic
and the North Water Polynya (Lovejoy et al., 2002). In picoeukaryotes has also been reported in other warmer
the Beaufort Sea, however, they seem to occur in autummligotrophic regions such as the Sargasso Sea (Not et al.,
(Brugel et al., 2009) rather than in mid summer (Okolodkov, 2007), the Mediterranean Sea (Viprey et al., 2008), and the
1999; Sukhanova et al., 2009), which was the period of thenortheast Atlantic Ocean (Jardillier et al., 2010).

MALINA cruise. The photosynthetic picoplankton community in the Arctic
consists almost uniquely of a single ArctMicromonas
4.3 Culturable phytoplankton in oligotrophic waters ecotype, which occurs throughout the Beaufort Sea. Since

all our strains share identical 18 SrRNA and ITS sequences,

Interestingly, 8 out of the 21 genotypes found here Arctic Micromonas populations are likely to be highly
correspond to strains isolated during leg 2b from surfacehomogeneous despite the fact that they are present in both
waters which were depleted in inorganic nitrogen (Table 2,surface nitrate-depleted waters and deeper, colder, saltier,
Supplement, Table S1). Inorganic nitrogen, which wasnitrate-replete waters. The ubiquity and dominance within
undetectable in the surface layer during MALINA, has beenpicoplankton of ArcticMicromonasthroughout the Beaufort
shown to limit bacterial production (Ortega-Retuerta et al.,Sea (Balzano et al., 2012) indicates that it can grow or at
2012) and was likely to limit primary production as well. least survive throughout a wide range of salinities (14 to
The diversity found in surface waters contrasts with the fact32 psu) and temperatures (1 t6Q), as well as under both
that oligotrophic environments are generally considered tonitrate-depleted<£ 3 nM) and nitrate-replete (up to 6.7 uM)
harbour slow growing/hard to cultivate phytoplankton. For conditions.
example during a similar study in the southeast Pacific, no Nitrate-depleted conditions in general promote the growth
strain could be isolated from the two most oligotrophic sitesof picoplankton over larger cells because of the lower surface
(Le Gall et al., 2008). Similarly, cultured microbes contribute to volume ratio, and accordingly, photosynthetic picoplank-
very poorly to phytoplankton diversity in other oligotrophic ton was generally more abundant than nanoplankton in
waters such as the eastern Mediterranean Sea (Viprey et aburface waters of the Beaufort Sea during the MALINA
2008; Man-Aharonovich et al., 2010), the Sargasso Sea (Notruise fttp://tinyurl.com/67wn5qc Arctic Micromonasis
et al., 2007), or the northeast Atlantic Ocean (Jardillier et al.,able to survive cold waters and long dark winters (Sherr et
2010). This suggests that resilient ecotypes adapted to thal., 2003; Lovejoy et al., 2007), this makes it prevail over
sub-freezing temperatures and variable salinities observedther photosynthetic picoplankters under Arctic conditions.
in the Arctic are more easily culturable than ecotypes fromin the Beaufort Sea, coastal waters may reach high&€)7
warm and relatively stable temperate or tropical oligotrophictemperatures during summer, but they remain throughout the
waters. whole year surrounded by colder waters, and the transport

In contrast, Arctic Prymnesiophyceae from oligotrophic and survival of phytoplankton species from temperate waters
environments appear hard to be brought in culture. Thas thus highly unlikely. In contrast, the Norwegian and
strains isolated in this study derive from mesotrophic Barents Seas are in close contact with temperate waters
environments of the NE Pacific or the Bering Strait, and wefrom the Atlantic Ocean. The photosynthetic picoplankton
could not culture any Prymnesiophyceae from the Beaufortis more diverse there; Arctilicromonasoccurs with other
Sea, although they occurred in environmental samples. IlMicromonasclades (Foulon et al., 2008), as well as with
particular, 4 operational taxonomic units (OTUs) affiliated to other Chlorophyta and Haptophyta (Not et al., 2005).
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Consistent with this hypothesis, the higher temperaturesnost marine microbes is still unknown and many genotypes
which are observed in the NE Pacific and the Bering Straitfound here may occur elsewhere. On the other hand, different
(Table 1) explain the presence of other picoeukaryotes sucBpecies may share the same 18 SrRNA sequence (e.g. within
as Mamiellophyceae, Chrysophyceae, and unidentified pithe generaPyramimonasor Haptoling), and some of our
coeukaryotes which occur along with the Ardtlicromonas ~ cosmopolitan genotypes may be related to different species

(Balzano et al., 2012). with more restricted geographical distribution.
Pyramimonaspecies occur frequently in polar waters, as
4.5 Importance of mixotrophic nano- and they have been previously reported in Arctic environments
microplankton strains (Daugbjerg and Moestrup, 1993; Gradinger, 1996) including

the Beaufort Sea water column (Olli et al., 2007; Brugel et
Strains larger than 2pum appear much more diverse thal., 2009) and ice (Rozanska et al., 2008) as well as the
picoplankton strains. Fourteen out of 21 genotypes (Table 2Barents (Rat'kova and Wassmann, 2002) and Laptev Seas
found here include strains recovered from nitrogen-depletedTuschling et al., 2000). Othd?yramimonasspecies occur
surface waters and often correspond to genera reporteth the Antarctic Ocean (Moro et al., 2002) where some of
in oligotrophic systems and sometimes shown to bethem were reported to form blooms in Gerlache Strait (Varela
mixotrophic. For example, mixotrophy has been reportedet al., 2002) and Omega Bay (McMinn et al., 2000). Some
for both freshwater (Bird and Kalff, 1986; Domaizon et Pyramimonasspecies appear to be adapted to the salinity
al., 2003; Kamjunke et al.,, 2007) and marine (McKenzie changes typically occurring in the Beaufort Sea, as they were
et al., 1995)Dinobryon species includingD. faculiferum  previously found under the ice pack (Gradinger, 1996) and
(Unrein et al.,, 2010).Dinobryon strains were isolated shown to grow across a broad salinity range (Daugbjerg,
from nitrogen-depleted waters (Table 2), abBihobryon  2000).
cells were also observed in surface water as indicated Some of our genotypes might be indeed adapted to salinity
by microscopy countshftp://www.obs-vifr.fr/Malina/data. changes since sequences from our strainByoshmimonas
html) and T-RFLP (Balzano et al.,, 2012). Chloroplast sp. Il, Pedinellales sp. I, and the undescribed Mamiellaceae
containing Pedinellales from the Baltic Sea have been foundhis well as from the Beaufort Sea environment al samples
to ingest bacteria (Piwosz and Pernthaler, 2010). Similarly,(Balzano et al., 2012) match sequences from the Baltic Sea.
P. gelidicola a species which shares 100% 18 SrRNA Although the Baltic Sea is much fresher and far less cold
gene identity with our strains dPyramimonassp. Il, was than the Beaufort Sea, both ecosystems undergo seasonal
also shown to feed on bacteria (Bell and Laybourn-Parry,salinity changes and (partial) winter freezing events which
2003). B. cincta comb. nov. isolated from Pacific Ocean may promote the growth of the same species.
was observed to ingest several algal preys using a peduncle The biogeography of Arctic microbes is currently
located between the two flagella (Kang et al., 2011).highly debated; similarities between Arctic and Antarctic
Some of the strains isolated during this study might thusassemblages have been reported for ice, sediment (Lozupone
be mixotrophic, and their ability to assimilate organic and Knight, 2005), soil (Chu et al., 2010), snow, air, and
carbon could allow their survival and/or growth under the freshwater bacteria (Jungblut et al., 2010; Harding et al.,
nitrogen-depleted conditions occurring in surface waters o0f2011), whereas seawater bacteria show a limited dispersal

the Beaufort Sea during summer. ability suggesting the occurrence of a marine microbial
province in the Arctic (Galand et al., 2009, 2010). Similarly,
4.6 Arctic, polar, and cosmopolitan species eukaryotic microbes from terrestrial environments of the

Arctic may also occur in Antarctic and alpine environments
Four out of the 21 genotypes found in the present study(Harding et al.,, 2011; Schmidt et al., 2011), whereas
(Arctic Micromonas Pyramimonassp. |, Pyramimonas marine eukaryotes are less likely to be globally dispersed.
sp. Il and undescribed Pedinellales sp. Il) have a strictlyArctic circumpolar isolation occurs, for example, for Arctic
Arctic distribution and 7 genotypes have been sequencedlicromonas(Lovejoy et al., 2007), and for the planktonic
for the first time Carteria sp., Pyramimonassp. |V, foraminiferan Neogloboquadrina pachydermg@arling et
Rhodomonasp.,D. faculiferumand the three Pelagophyceae al., 2007). However, Arctic barriers have been suggested to
genotypes). In contrast, the other genotypes have also beemeaken, at least for abundant species, because of the ice
reported in other oceans (Table 2). Similarly, environmentalretreat; increased seawater flows through the Arctic likely
sequences from the MALINA cruise include 34 out 46 OTUs imply the dispersion of species from the Pacific to the
which cluster into new or endemic lineages (Balzano et al. Atlantic Ocean (Wassman et al., 2011). For example, the
2012) and previous studies also highlight the prevalencePacific diatomNeodenticula seminaappeared in Labrador
of endemic lineages among Arctic environmental cloneSea for the first time in 1999 (Reid et al., 2007) and Atlantic
libraries (Lovejoy et al., 2006; Luo et al., 2009). The and Pacific populations dEmiliania huxleyiwere found to
proportion of endemic and polar OTUs within our strains share similar mitochondrial DNA sequences (Hagino et al.,
may be overestimated because part of the biogeography ¢2011).
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