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Increasing temperatures, with pronounced effects at high atitudes, have raised
guestions about potential changes in species composition,as well as possible
increased importance of small-celled phytoplankton in mame systems. In this study,
we mapped out one of the smallest and globally most widespred primary producers,
the picocyanobacterium Synechococcus, within the Atlantic in ow to the Arctic Ocean.
In contrast to the general understanding thatSynechococcus is almost absent in polar
oceans due to low temperatures, we encountered high abundaces (up to 21,000 cells
mL 1) at 79 N, and documented their presence as far north as 82.5N. Covering an
annual cycle in 2014, we found that during autumn and winteiSynechococcuswas often
more abundant than picoeukaryotes, which usually dominatdhe picophytoplankton
communities in the Arctic. Synechococcus community composition shifted from a quite
high genetic diversity during the spring bloom to a clear doimance of two specic
operational taxonomic units (OTUs) in autumn and winter. Webserved abundances
higher than 1000 cells mL 1 in water colder than 2 C at seven distinct stations and
size-fractionation experiments demonstrated a net growttof Synechococcusat 2 C in
the absence of nano-sized grazers at certain periods of thegar. Phylogenetic analysis of
petB sequences demonstrated that these high latitudeSynechococcus group within the
previously described cold-adapted clades | and IV, but als@ontributed to unveil novel
genetic diversity, especially within clade I.

Keywords: picocyanobacteria, picoeukaryotes, temperatur petB sequences, ow cytometry, high

latitude ecosystems, Svalbard, West Spitsbergen Current

e adaptation,

INTRODUCTION

The widely abundant picocyanobacteriudynechococcissestimated to be responsible for about
17% of ocean net primary productivity and thus to have a high iotga ocean ecosystems and
biogeochemical cycle§lpmbaum et al., 20)3Synechococcisnormally not considered to be
bloom-forming even though they can appear in abundances dsasd.2—3.7 1P cells mL Lin
the Costa Rica domesgito et al., 2005Using 37,699 discrete glob@ynechococcobservations
between 695 and 81N and quantitative niche model$;lombaum et al. (2013jemonstrated
temperature to be the main environmental parameter explaining global distribution of
Synechococcusccordingly, the regional range of temperature was fountbéaa relatively good
predictor for the seasonal change S$ynechococcabundance Tsai et al., 2013 Although the
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marine Synechococctisat have been studied in culture so far
have a temperature optimum ranging from 20 to 83depending

on the clade Rittera et al., 2004 the highest annual average 5m
situ cell abundances were found at temperatures arounc1f 20m
the Indian and western Paci ¢ Oceans, with averages of 84,00 Bom

and 40,000 cells mL, respectivelyflombaum et al., 20)3 ‘

. 60 m

There has been observations &ynechococcuat low o
temperatures e.gs 4 C in low numbers €100 cells mL%; "
150 m

Waterbury et al., 1986and <2 C (Shapiro and Haugen, 1988;
Gradinger and Lenz, 19%5but they are still often considered
to be nearly absent from the polar oceaRe(ros-Alio et al.,
2015 in contrast to cold adapted eukaryotic picophytoplankton
that occur in high abundances both in Arcti€err et al., 2003;
Lovejoy et al., 2007; Tremblay et al., 2009; Zhang et al5) 201
and in Antarctic waters[poolittle et al., 2008 Only a few studies
have actually documenteslynechococcuosrth of 70 and none
have so far described the genetic diversity of these namthe
populations or tested their temperature optimum. S°E 10°F 15 °F 0E BT
During four expeditionsGradinger and Lenz (199%pbserved
maximal abundances of 55@ynechococceslls mL 1in the FIGURE 1 | Study area Northwest of Svalbard. ~ Sampled stations are
Atlantic in ow to the Arctic Ocean west of Svalbard at 8 colored according to the month of sampling: January (black)March (white),

. . . Ma reen), August (orange), and November (blue). Starrapols indicate
while they did not nd anySynechococcoslls in surface samples Y (green), Auguist (orange) v (blue) e )
sampling of water for fractionated growth experiments. Heaxgon symbols with

of polar water (de ned as W_ater haVing Temp 0C; Sa”nity white border indicate sampling for molecular analysis. Redrrows indicate the
< 34). Further south, following a transect from 70.5 to K4 main ow of the West Spitsbergen Current drawn afterCokelet et al. (2008)

Not et al. (2005)recorded a maximum abundance of 25,000 Randelhoffetal. (submitted).
cells mL 1 in the Norwegian and Barents Seas in August 2002.
In the western Canadian Arctic;ottrell and Kirchman (2012)
found abundances of 40-80 cells niLin coastal waters of
the Chukchi Sea and the Beaufort Sea at N,.%oth during (Murphy and Haugen, 1985; Gradinger and Lenz, )99%he
summer and winter cruisedlelson et al. (2014¢oncluded in  main transport follows the West Spitsbergen Current (WSC)
their overview that theSynechococcdsstribution in this region  which is an extension of the Norwegian Atlantic Current sjiig
is controlled mainly by inow of the relatively warm Pacic up into two branches around 79-88 (Figure 1). The WSC is
water, but argue that water temperature alone cannot be used about 100 km wide and is con ned over the continental slope
de ne environments in whichSynechococcuosay reside as they along the Norwegian coast. It has an average speed of 10 cm
do persist at water temperatures near the freezing poiit8 C) s 1 (Cokelet et al., 20Q&ut can reach a speed of up to 24—
(Nelson et al., 2094 35cms ! (Boyd and D'Asaro, 1994; Fahrbach et al., 30The
Synechococcus often found in Arctic lakes and rivers, in ow follows a strong annual cycle with maximum volume
and freshwater runo may thus also represent a source ofransportduring winter (20 Svin February) and minimum dugn
Synechococcuslls to the Arctic Ocean\(ncent et al., 2000  summer (5 Sv in Augustiahrbach et al., 20DIN.B. the unit
Using 16S rRNA analysisyaleron et al. (2007jevealed that sverdrup (Sv) is equal to 1 million ¥ns ). Strong variations
picocyanobacteria present in the Canadian Beaufort Seanatii in the strength of the Atlantic in ow combined with varyinges:
from the Mackenzie River and other nearby inows. High ice extension make it challenging to assess the spread oftitla
abundances ofSynechococcy80,000 cells mLY) were also organisms in this area. Little is known about h@ynechococcus
found in the Laptev Sea, but were restricted to brackish wateipopulations, originating from the Norwegian coast or further
near the Lena River delta, while further away from the deltasouth, are a ected as they are transported into the Arctic Gcea
abundances decreased with increasing salinity to a tosdrad®e or whether someSynechococcliseages are favored under the
at salinities>20 (Moreira-Turcq and Martin, 1998 All these transition to more Arctic conditions.
studies supportVaterbury et al. (1986¢laiming that only few Temperature is one of the main drivers &ynechococcus
brackish species tolerate wide salinity ranges and that marbjiogeography. Among the ve globally dominating
strains are obligate marine. Assuming that Atlar8nechococcus Synechococcliseages (clades |, 11, I, IV, and CRD1), clades
have a low tolerance to salinity changes, the question mesnail and IV dominate at high latitudes in cold and coastal waters
whether the low salinity in the Arctic surface waters coasts  while clades Il and Il are mostly found in warm, (sub)tropica
their distribution in the polar ocean. areas Zwirglmaier et al., 2008; Farrant et al., 2016; Sohm et al.,
The Atlantic in ow is the main conveyor, not only of water 2016. Populations adapted to distinct thermal niches were also
and heat, but also of more southern species into the Arcticsice identi ed within the CRD1 clade, including one co-occurring
Synechococchas accordingly been suggested as a bio-indicatawith clade | and IV in cold, mixed waters of the Paci c Ocean
for the advection of Atlantic waters into the Arctic Ocean (Farrantetal., 2006

500 m

1000 m
1500 m
2000 m
3000 m

4000 m
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Increasing ocean temperature in high latitude systems ha®BLE 1 | Criteria determining the water masses.
drawn attention towards the growth of invasive organisms

with higher temperature optima and subsequent ecosyster\f\{ater masses Temperature (C)lor densiy (kg m %) Salinity
changes. In marine systems, small phytoplankton are expect@glic water (aw) s2C >34.9
to become relatively more abundant with warmin/lqran o4 atantic water caw) @T<2 C >34.9
et al., 2010; Tremblay et al., 2Qlanhd it has been speculated | . ediate water (W) <0cC >34.9

that th(_e warming of the Arctic Ocean cpuld !eaq to.a s_hiftArctic water (Arw) >277kgm 3 <349
from p|coeuke_lryote_s to picocyanobacteria, with implicationsg, ¢ o water (swW) <277kgm 3 <349
for_food quality (Vlncent,_ 2010. Flpmbaum et al. (2013) Polar water (PW) <0cC <347
projected up to a 50% increase iBynechococcust 60N
by the end of the twenty rst century. Their models were For further explanation seeCokelet et al. (2008) PW overlaps with SW and ArW.

however not able to make projections for higher latitude eys

because observations in these areas are scarce. The aim of o ]

the present study is therefore to examine the distribution 01(,0'5_% nal conc.) at 4C for a minimum 9“ 2h, a§h frozen 'n
Synechococcus relation to environmental parameters and liquid nitrogen and stored at 80 C until analysis, exgept in
other microbial plankton groups within the Atlantic gateway t 'NOvember, when phytoplankton was enumerated using fresh
the Arctic. The genetic diversity dynechococcpmpulations samples. For analysis of HNF the samples were stained with
was also unveiled using a high resolution genetic markes, thSYB_R Green | (Moleculgr.Probes, Eugene, Oregon, USA) for
petBgene (encoding the cytochronte subunit), in order to 2h in the dark and a minimum of 1 mL was measured at a

. l .
trace the geographical origin and seasonal changes of theQ¥ rate of 500m min = following the protocol ofZubkov
populations. et al. (2007) The HNF population was discriminated from

nano-sized phytoplankton based on green vs. red uorescence
and from large bacteria on a plot of side scatter vs. green
MATERIALS AND METHODS uorescence following the recommendations Ghristaki et al.
Locality and Sampling (2011) Pico- and nano-sized phytoplankton were counted

This study covers the eastern part of the Fram Strait, wher@irectly after thawing and the various groups discriminated
Atlantic water (AW) is transported northward by the West P@sed on their side scatter signals (SSC) vs. orange uemesc
Spitsbergen Current (WSC). Data were collected during veFigure 2A Marie et al., 1997; Larsen et al., 2p@s well as
cruises in 2014: January (06.01—15.01), March (05.033)1May thelr_red Vs. orange uorescencerigure 2B). Synechococcus
(15.05-02.06), August (07.08-18.08), and November (©3.11/aS |dent! ed in plots of orange uorescence Vs. side scatter
10.11). Transects were made across the core of AW in ow atignals Figure 2A). For samples with low abundance of
79 and 79.4N during May, August and November. Further Phytoplankton (March and January) a volume of 1.5 mL
north (80.5 to 82.6N) we investigated the WSC southern Was counted, while 0.5 mL was sucient for May, August
branch into the Arctic Ocean in January, March and Augus@nd November-samples. Regular blank measurements using
(Figure 1). The choice of sampling area and stations was largeflilli-Q * water were made to ensure that there was no carry
determined by the extension of the sea i€ég(re 3. Vertical ~ OVer of cells between samples _and that electron_lc noise did not
pro les of temperature, salinity and uorescence were recatd disturb the cpunts. Due to the inherent qncertalnty conrestt

on each sampling occasion using a SBE 911plus system. Waﬁ(é,enumeratlon of cglls when concentrations arellow, we only
masses were de ned based on the criteria presentethbie 1 included samples witkr 20 cells le_when relating counts
Discrete water samples for analyses of nutrients NG  © other environmental parametersFigure 5. Samples for
NOS,NH4C,P03 , H4Si0y) and enumeration of phytoplankton, which 0-20 cellslwere def[ected (i.e., mainly those deeper
viruses, bacteria, and heterotrophic nano agellates (HMgye ~an 500m) are included in our fotal data seTaple S1
collected from 11 depths (1, 5, 10, 20, 30, 50, 100, 206|,gure S3.

500, 750, and 1000 m) using 10L Niskin bottles. During the

summer cruises we collected additional samples from the DedliCroscopy

Chlorophyll Maximum (DCM) (when dierent from any of The presence ofSynechococcusvas also conrmed by
the standard depths). The shallow shelf stations were sampledorescence microscopy Figure 20. Samples were xed

to near bottom and with higher sampling resolution in the and stored as for ow cytometry. The samples were thawed,

surface. Itered onto Anodisc Iters (Whatman, pore size 0.2m) and
stained with SYBR Green | (Molecular Probes Inc., Eugene,
Flow Cytometry Oregon) according toPatel et al. (2007)The samples were

Abundances of pico- and nano-sized phytoplankton, virusesyiewed and photographed at 400X using a Zeiss Axio Imager Z1
bacteria and HNF were determined on an AttuheAcoustic microscope with AxioCam MRm BW-camera, extended focus,
Focusing Flow Cytometer (Applied Biosystems by Lifeepi uorescence illumination (HXP Illluminator) and Zeiss ér
technologies) with a syringe-based uidic system and a 20 mV¢ets 09 and 43 for SYBR Green and chlorophyll uorescence,
488 nm (blue) laser. Samples were xed with glutaraldehydesspectively.

Frontiers in Marine Science | www.frontiersin.org 3 October 2016 | Volume 3 | Article 191


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Paulsen et al. Synechococcusin the Arctic Ocean

10° { Synechoccous

BL2
BL3

10 N S N— w-r r
10" 102 10° 10* 10° 10°
SSC

FIGURE 2 | (A,B) Biparametric ow cytometry plots with the applied grouping d the different phytoplankton groups indicated by the solidine. Groups are colored
according to their grouping in order to appear on both(A) BL2 (orange uorescence) vs. SSC (side scatter) an¢B) BL3 (red uorescence) vs. BL2.(C) Microscope
image showing the difference in the auto uorescence spectrm of Synechococcus (appear orange) and picoeukaryotes (appear green). The Igrorange cell is a
diatom.

Size-Fractionated Growth Experiments the initial 5 days of incubation in order to better represent
Water fractionation experiments were used to examinalynamics of the initial communities. Incubation water was
interaction between di erent size groups of microorganismsla sampled daily for enumeration of microorganisms and every
to estimate growth rates of the di erent microbial componentssecond day for nutrients. Prior to setup, all bottles, cashagd
(Simek and Chrzanowski, 1992; Jurgens et al., 2000; Christailicon tubs were acid washed and then rinsed with MillRQ
et al.,, 2001; Sato et al., 200Experiments were performed water. During the summer cruises (May and August) the
once every cruise using water collected from 20m (in Augustxperimental bottles were incubated on deck in plexiglassstank
and May this depth was near DCM) at stations on the shelfvith seawater ow-through (continuously pumped from 7m
(marked onFigure 1). The water was gently screened throughdepth), keeping the temperature close i situ (May: 1.7

3, 5, 10, and 90mm mesh size lters by reverse ltration in 1.6 C and August: 1 0.8 C). A nylon net was wrapped
order to successively exclude grazers of dierent sizes araround each bottle to reduce the PAR to about 30% of the
thus create communities with increasing “top-predators’esiz surface irradiation. In the winter months (January, March,
Water from each ltration treatment was gently transferreda  November), incubations were kept in a cooling room at a
triplicate 3.9 L transparent polycarbonate bottles (Nalgene constant temperature of £ and in darkness, except in March
by staggered lling using silicone tubing. The incubationwere anin situ light cycle was set (16 h darkness and 8h at
experiments ran for 5 to 10 days but we show data only fron5 mmol photons m?2 s ). The fractionation experiments

Frontiers in Marine Science | www.frontiersin.org 4 October 2016 | Volume 3 | Article 191


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Paulsen et al. Synechococcusin the Arctic Ocean

provided net growth rates ofSynechococcusnd HNF by substitution rates among sites and of the proportion of inahite
tting exponential functions to the change in the abundancesites. The tree was drawn using iTOLefunic and Bork, 2007
of cells every 24h during the rst 5 days of the experimentsThe 229 sequences retrieved from MicroPolar were recruited

(Figure S). using BLASTN (v2.2.28) against the fullpetBdatabase: reads
with more than 90% of their sequence aligned and with more

DNA Extraction, PCR Cloning and than 80% sequence identity to their BLASTN best-hit were

Phylogenetic Analysis taxonomically assigned to their best-hit and subsequeunskyd

Environmental samples for molecular analysis were colldoged © Puild per-sequence read counts tables. Counts were then
ltering water onto 0.22mm pore size Milliporé® Sterivex Iters. 2dgregated by OTUs and relative abundance was computed for
The Iters were immediately ash frozen in liquid nitrogemd ~ ©ach MicroPolar station.
stored at 80 C until extraction. DNA and RNA were extracted
simultaneously using the AllPrep DNA/RNA Mini Kit (Qiagen,
Hilden, Germany) according to manufacturer's instructgowith X
some optimisation for extraction from Sterivex lters as folis. Nt 30 mL acid washed HDPE bottles and stored &0 C.
The Iters were thawed on ice and 1 mL extraction bu er (990 Nitrite and nitrate (NG, C NO; ), phosphate (P® ) and silicic
m RLT bu er; containing guanidine isothiocyanat 10mL 3-  acid (HsSiQi) were measured on a Smartchem200 (by AMS
mercaptoethanol) was added before incubating for 4 min orf\lliance) autoanalyser following procedures as_outllne\zMood
a Vortex adapter at medium speed. The resulting lysates wefé &l (1967)for NOg C NO,, Murphy and Riley (1962for
recovered using a 10 mL syringe and used for nucleic acid®03 andKorole (1983)for the determination of HSiQy. The
extraction. DNA samples harvested from Arctic surface watefietermination of NG was done by reduction to NOon a built-
collected in May (80N, 10.7 E at 1 m depth, 10 L water Itered), in cadmium column, which was loaded prior to every sample
August (80N, 10.8E at 1 m, 7.5 L Itered) and November 'un- Seven-point standard curves were made prior to every run.
(79N, 6 E, 20 m, 20 L lItered) were selected to amplify the Two internal standards and one blank were inserted for every
Synechococcus petBirker gene (stations marked dfigure 1 8 samples and these were used to correct for any drift in the
and pro les of picophytoplankton are included ifigure S3.  Measurements. Concentration of @I—Was determined directly
Polymerase chain reaction (PCR) were performed using th@ fresh samples using ortho-phthaladehyde accordirigdones
petBprimers and set-up recommended byazard et al. (2012) etal. (1999)
using 30—40 ampli cation cycles (iCycler, Bio-Rad, CA, USA).
Positive PCR products were puried using the Zymo DNARESULTS
Clean and Concentrat®¥-5 kit (Zymo research, CA, USA) and
subsequently cloned with the StrataCl6WePCR Cloning Kit Synechococcuells were detected by ow cytometry in all
(Agilent Technologies, CA, USA) following the manufacttser samples within the upper 100 m of the water column during all
instructions. A total of 96 clones from each of the three sampleseasonsKigure 3and Figure SJ. The identity ofSynechococcus
were picked (total 288 clones) and sequenced by LCG Genomigas con rmed by epi uorescence microscopligure 20 and
GmbH (Berlin, Germany) using Sanger sequencing. A total dfy sequencing of theetBgene Figure 7). The closely related
229petBsequences were obtained and deposited in the GenBaigienusProchlorococcwgas never detected.
database (accession no. KX345947-KX346174). These seguen
are in the following referred to as “MicroPolar sequences.”  Synechococcus Distribution

The 229 MicroPolar sequences include 174 unique fullThe highest sampling frequency was obtained in May and
length sequences. Together with 7p&tB sequences from a August, when the sampling sites were restricted to latitudes
non-redundant reference database (representing most of tHeelow 80N (May) and 81N (August) by sea iceHgure 3),
genetic diversity so far identi ed withirProchlorococcuand Wwhile the most northern samples were acquired in January
Synechococcugenera; Farrant et al., 2006 the MicroPolar and March at around 82.8. Synechococcwsas present in
sequences were used to de ne operational taxonomical uni@bundances higher than 50 cells nilin 337 samples both within
(OTUs) at 97% identity using Mothur v1.34.Zgble S2. Since the Atlantic water, Arctic water, Surface water and Polatera
all MicroPolar sequences clustered with clades | and IV egfee  (water mass de nitions are shown ifiable 1). Within the cold
sequences, a subset of thetB database, comprising only the surface water<2 C, upper 50 m), 60% of the samples contained
117 reference sequences of these clades, as well as the Sydechococcugth abundances ranging from 50 to 4300 cells
unique MicroPolarpetBsequences was used for a subsequeriL 1. Synechococcusas not detected in the cold Atlantic
analysis. Phylogenetic reconstructions were based onipteult water or intermediate water masses, which comprise water
alignments opetBnucleotide sequences generated using MAFFTollected deeper than 500 m (see temperature-salinity plots in
v7.164b with default parameter&dtoh and Standley, 20%.4 Figure 3).
A maximum likelihood tree was inferred using PHYML v3.0, In January, the average abundance in the upper 100 m was
(Guindon and Gascuel, 20p®ith the HKY C G substitution 51 cells mL2, with highest abundance found at 100 m depth
model, as determined using jModeltest v2.12(riba et al., (maximum 106 cells mL) and generally low numbers in
20129 and estimation of the gamma distribution parameter of thethe surface Kigures 3F 4A). The lowest average abundance of

Nutrients
Un ltered seawater was lled directly from the Niskin botte
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FIGURE 3 | (Left panel) Ice-maps provided from the Norwegian Meteorological Institie (istienesten@met.no) from following dates; January 1®arch 7, May 23,
August 12, and November 7, 2014. Transects shown in the middl panel as contour plots are marked with black boxes(Middle panel) Contour plots showing the
abundance (cells mL 1) of Synechococcus and salinity of the upper 200 m from 4 cruises. January transg stretches from North-South between 15 and 20 E, while
the remaining transects expands West-East (2—11E) following the 79 N latitude isoline (see transect marked in boxes left of pls}. The horizontal light blue lines above
the plots roughly mark the cover of open drift ice. Note diffieent scales forSynechococcus abundance. (Right panel) Potential temperature and salinity (TS) diagram
for each month. Data included for all depths 1-1000 mSynechococcus abundance is given on the z-axis by color gradient (N.B. dérent scales). Potential density
(So: kg/m3) isolines overlaid with gray and the surface freezing ling show in dashed blue. Following water massesTable 1) are marked: Atlantic water (AW), cold
Atlantic water or Intermediate water (CAW or IW), which condisnainly of deep water samples ¥ 500 m), Arctic water (ArW), surface water (SW) and Polar watéPW).
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- Synechococcus -~ NO;+NO,(uM)
-8~ Picoeukaryotes -o- PO, (uM)
-e- Si(OH),(uM)
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FIGURE 4 | (A-E)pro les of Synechococcus (red) and picoeukaryotes (green) abundance (cells le) from each of the cruises at given coordinates. Notice diffent
scales on the x-axis.(F-J) nutrient concentrations (M) from the same pro les. Background colors and pattern indiate water masses.

Synechococcwsas found in March with 13 cells mit and  Biotic and Abiotic Environment

a maximum abundance that did not exceed 40 cells L The association between phytoplankton abundances and
(Figures 3H 4B). In May the maximum abundance was around environmental parameters showed that the abundance of both
1300 cells mL! and the average SD was 181 147 cellsmL®  Synechococcuand picoeukaryotes decreased with increasing
(n D 150;Figures 3J4C). The highesBynechococcallundances latitude, but that picoeukaryotes were relatively more atamt
were detected in August with a maximum of 21,300 cells faL  at the northernmost stationsH{gure 5A). No clear relationship
When averaged for the upper 50m at most southern stationwas found for salinity (ranging from 31 to 35 in this study),
(79-79.4N), abundances were 5700 4200 cells mL! (n D  although the highesSynechococcadundances were found at
61) (Figure 3L over the whole transect, while abundances asalinities> 34.5, while picoeukaryotes had their peak abundance
the stations north of 8N averaged to about 3000 2000 cells at lower salinities of 33.5-34-igure 5B). Further, we found

mL ! (n D 27). In NovemberSynechococcuslls were evenly picoeukaryotes to be strongly dominant ov@ynechococcirs
distributed down to 200 mKigure 4B, with a maximum of 1000 14 out of 17 samples with lowest salinity (31-33), all sampled
cells mL ! and an average abundance of 60®50 cells mL!  in August. The abundance &ynechococctenged from 250 to

(n D 18) within the upper 200 m. The vertical distribution of 4000 cells mL! in these low salinity sample&igure 39. The
Synechococcuaried from mainly surface peaks in May (upper presence of sea ice had no clear e ect on the vertical distributio
20 m) to maximum abundance at depths greater than 50 m irof picophytoplankton but at the ice-covered stations, a sulzmef
August and November, to a more vertically uniform distrilrt ~ maximum of Synechococcuss most prominent. On the other

in January and March with maxima in abundance at aroundhand, picoeukaryotes tended to peak near surface in ice-edver
100 m depth Figures 4A—-EandFigure S3. stations in March and May, while in August the highest surface
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FIGURE 5 | (Two upper panels) Data collected within upper 100 m from all cruises plotted tsee how abundance of Synechococcus (red) relates to environmental
parameters, such as(A) latitude (B) salinity (C) temperature (D) chlorophyll uorescence and (E-G) concentration of different sources of mineral nitrogen. Aditionally
(A,B,E-G) contain abundance of picoeukaryotes (green) an@D) nanophytoplankton (blue). Notice log-scale fo(A,B,E-G). (Lower panel) (H-K) Synechococcus
abundance (mL l) plotted against HNF abundance during the different monthéindicated by color) within the upper 200 m. The broken lindlustrates the one-to-one
line. Notice different y-axis between months. Only samplewith Synechococcus abundance > 20 cells mL 1 were included.

maximum of picoeukaryotes was found within the freshwatethe highest values around 2nM in August at depths
lens at stations without ice-coveFigure S3. below 20 m. At high N concentrations>@ mM; Figure 5B
The highest water temperatures were measured in Augu8ynechococcugre generally less abundant than picoeukaryotes,
followed by those measured in January. The lowest surfasehile under low N conditions they were equally numerous.
temperatures were recorded in the ice-in uenced surfaceevgat When looking at the N sources separately it appears that
in March and May. Temperature was the only parameter thaat NHE > 0.5 mM, Synechococcuscreased at higher NEI
displayed a strong relationship witBynechococcadundance levels, whereas they decreased with increasing NEONO,
resulting in an exponential t ¢ D 0.66, p < 0.005, (Figures5F,G.
n D 346; Figure 50, while picoeukaryotes did not show  The abundance of HNF increased during the summer months,
a similar strong relationshiprf D 0.31,p < 0.005,n D from less than 200 cells mi in the winter months up to
372;Figure 50. Synechococcusgas more dominant at stations 1000 and 1500 HNF mL! in May and August, respectively
with low chlorophyll a (i.e., chla uorescence) compared to (Figures 5H-K). Synechococcasd HNF abundances generally
larger nanophytoplankton, which correlated positively to enl showed a positive relationship within the upper 100 m. In Jaguar
(Figure 5D). and March,Synechococcasd HNF cell numbers were within
Nutrients were evenly distributed over the upper 200 mthe same order of magnitude, but with slightly more HNF than
in the winter months (January to November), although aSynechococcise., below the dotted lingigure 5H). In May
slightly lower concentration was observed in March withinhighestSynechococcabundances were found at the lowest HNF
the upper 100m FKigures4F,G)]1 In May and August all abundance and vice versgigure 5I). In August,Synechococcus
nutrients were depleted in the upper 10-20 m, with NO was generally 10 times more abundant than HNF, a trend also
reaching the lowest valuesFigures 4H,I). NHE reached observedin November, although less pronoundedires 5J,K.

Frontiers in Marine Science | www.frontiersin.org 8 October 2016 | Volume 3 | Article 191


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Paulsen et al.

Synechococcusin the Arctic Ocean

Growth and Microbial Interactions

Net-growth rates ofSynechococcuand HNF were estimated
from four di erent size fractions € 3, <5, <10, and< 90 nm)
from each of the ve cruises and summarized kigure 6 (for
abundances during incubation sd€igure S). Synechococcus

0.2

0.1

® <9

January
November
August
May
March

O o0 o @ o

0 <90
showed positive net growth in 9 out of 20 experiments mainly

in January and March. Positive growth rates ranged from 0.0
to 0.13 d 1. HNF showed positive growth in 14 out of 20
experiments, displaying a maximum growth rate of 0.45" d
when water was Itered through asm mesh (Treak 5nmm)in
January, otherwise the highest HNF growth rates were medsur
in May ranging from 0.13 to 0.3 d". In January, November, and
August HNF growth was reduced to close to zero after ltering
in the Treat< 90 mm and in March HNF showed negative
growth in all treatmentsSynechococcekowed positive growth
in January, March in all size-fractions and in the Treat90
mm in May, which became strongly dominated Bijzaeocystisp.
and where both HNF, picoeukaryotes and heterotrophic baateri
increased in abundance simultaneousbynechococchad the
strongest negative growth in August and in the Treat3 mm
in May (Figure 6). In summary, we measured a positive growth
of Synechococcasd negative growth of HNF in March, but
in general negativ&ynechococcasd positive HNF growth in
May, August, and November. Only in January and in the May
<90 nm treatment, bothSynechococcud HNF displayed
positive net growth. Corresponding to the seasonal changes if2.5N, 19.57W) and the North Atlantic Ocean (The Extended
abundanceFKigures 5H-K) the prey:HNF ratio (prey being the Ellett Line; “EEL,” 57—63). In contrast, sequences retrieved
sum of all picoplankton;Synechococcu@ picoeukaryotesC  from samples harvested in May were more evenly distributed
heterotrophic bacteria) of the initial community was high@s over all other OTUs de ned within subclade Ib that mainly
May i.e., most prey per HNF grazer and lowest in August, whegather sequences from The Atlantic Meridional Transect (“AMT
HNF were more abundant. Generally, the maximum growth ratesttp://www.amt-uk.org/) and the North Sea (“MICROVIR”
of Synechococcugere found when prey:HNF was at its highestcruise 50-60N).
(Figure SJ. In order to assess whether the genetic populations sampled
in MicroPolar cruises could be related to other cold-water
Synechococcus Diversity populations, we also recruited lllumina reads from 62
The genepetB which has proved to display a high taxonomic surface water metagenomes collected during Taea Oceans
resolution for picocyanobacteriaMigzard et al., 20)2 was cross-ocean ecosystem study using the sgetB database
used as phylogenetic marker f8ynechococcgsnetic diversity. (Karsenti et al., 2011; Farrant et al., 2D{fittps://doi.pangaea.
Only petBsequences related to clade | and IV were retrievede/10.1594/PANGAEA.840718, note that th@ra Oceans
from our dataset (MicroPolar). Based on petB reference samples analyzed here do not include recent Arctic
database (including 117 sequences from clade | and IV, ibestr  samples from the latesfTara Ocean cruise as they are
in Farrant et al., 2006 enriched with the 174 uniqu@etB not yet published). These data showed that the two most
sequences retrieved from MicroPolar samples, 41 OTUs wesbundant MicroPolar OTUs in subclade Ib (Arctic732-
dened at 97% ID within clade | and IV Kigure7). The 2b_1b 1A and Arctic732-35b_1b_1A) had a low relative
petBsequences obtained in the present study correspond mombundance inTara Oceans stations. Other OTUs identi ed
speci cally to sub-clades Ib and IVb, with a clear dominancen MicroPolar samples were also poorly represented in
of subclade Ib. Although none of these 41 OTUs form a newhe Tara Oceans dataset, with the notable exception of

[oRS]
O<s

0959

(=Y

0.0 LES)

Synechococcus "

&
0.1 2

© <90
-0.24

-0.2 0.0 0.6

HNF (d)

FIGURE 6 | Net growth rates (d 1) of Synechococcus plotted against
HNF net-growth. Net growth rates are obtained from the fractionation
experiments from each cruise where an exponential growth awe was tted to
the change in abundance of the respective cells during a 5-daperiod

(Figure S1). The color indicates the month and the legend at each point
indicates the size-fraction treatment from which the valuewere obtained.

subclade, 17 OTUs were composed of only MicroPolar sequencego  subclade b OTUs, “MP_may P1 1m_EO08 Ib_I”
and were not represented in the previous reference databased “MP_may P1 _1m_ D10 _Ib_IA" (formed only of
(colored branchesFigure 7). In May sub-clade Ib was the MicroPolar sequences), that were dominant ifara

only one present, whereas subclade Vb appeared in Augu€iceans coldest stations<{4 C), and of the subclade
and increased in relative abundance in November, indigatinlVb OTU “Ellet21_IVb_IVC” present in the Tara
seasonal changes in the community composition. Seasonali@ceans dataset at all temperatures and especially at
was also found within subclade Ib. The majority of sequencesold (<14 C) and intermediate (18-2Z) temperatures.
obtained in August and November belonged to two speci cOther MicroPolar OTUs were detected at a similarly
OTUs (Arctic732-2b_lb_IA and Arctic732-35b_Ib_IA), whic low level in all temperature ranges offara Oceans
mostly gather reference sequences from the Barents Sedi€Ar stations.

Frontiers in Marine Science | www.frontiersin.org 9 October 2016 | Volume 3 | Article 191


http://www.amt-uk.org/
https://doi.pangaea.de/10.1594/PANGAEA.840718
https://doi.pangaea.de/10.1594/PANGAEA.840718
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Paulsen et al. Synechococcusin the Arctic Ocean

FIGURE 7 | (Left panel) Phylogenetic tree of the 41petB OTUs at 97% ID, representative of the genetic diversity @ynechococcus within clades | and IV in the
reference database (117 sequences) and in three MicroPolaamples (174 sequences). The colored thick branches indi¢a OTUs that are unique to the MicroPolar
study (named MP_month_station_depth_) and colored accoiidg to the sampling month: May (green), August (orange) anddvember (blue).(Right panel) Relative
abundance of the OTUs in each MicroPolar months (followindie same color code as the branches) and imfara Oceans stations grouped by surface water
temperature ranges of the sampling site. The relative aburahce is additionally given in percentage on selected bars.

DISCUSSION colder waters than clade IV. Overall, it seems that tempeesiti
Arctic Adaptation; Synechococcus vs. ;hriarlnain driver ofSynechococcabundance and diversity in this
Micromonas In laboratory experiments using isolates from tropical sites,
For the rst time we here documented a high abundance ofsynechococchas been found not to grow at temperatures below
Synechococcirsthe Atlantic gateway to the Arctic Ocean north 10 C (Mackey et al., 20)3even though they have been observed
of 79 N. Synechococcis generally not thought to be part of in nature at temperatures as cold asC2(Shapiro and Haugen,
the picophytoplankton community in Arctic water masses (€.9.1989, and 0 C (Gradinger and Lenz, 19950ur deck incubation
Pedros-Alio et al., 20)pwhich has repeatedly been found to experiments showed that northerSynechococcympulations

be dominated by picoeukaryotes, such\isromonasspp. (Not  can actually grow at Z, although with a quite low growth rate
et al., 200p Li et al. (2013)do document their existence in (maximum of 0.13 d?), suggesting a physiological adaptation of
the Canadian Basin of the Arctic proper although as a verwrctic populations to low temperatures that further supports the
small fraction (2%) of the total picophytoplankton community at existence oBynechococctigermotypes Pittera et al., 204 This

the only one station higher north than 70Arctic Micromonas  hypothesis is strengthened by our ndings that many MicroRola
spp. di er from Micromonasgenotypes identi ed elsewhere in sequences formed new OTUs, unveiling an important novel
the World Ocean ((ovejoy et al., 2007with these Arctic types genetic diversity (especially within clade 1), which seems to
being adapted to low temperatures. Similarly, by combining oupe specic to this geographic area (17 OTUs out of the 41
observations with data from th@éara Ocean we con rmed the OTU identi ed within clades I and IV). Furthermore, sequess
latitudinal shift previously described within thBynechococcus obtained from August and November are mainly found in two
genus between the warm-adapted clades Il and Ill and the cold®TUs within subclade Ib, gathering reference sequenceesvet
adapted clades | and IVZ(virgimaier et al., 2008; Mazard et al., only at high latitude from the Barents Sea (K3 and the North
2012; Farrant et al., 20)L6Interestingly, clade IV was clearly Atlantic Ocean (57N), but hardly detected in th@ara Oceans
dominating in Atlantic waters from th@ara Oceans dataset and dataset. Altogether, these results point toward the existafc
its relative contribution seemed to increase with tempematu Synechococcpspulations endemic to these Arctic or subarctic
in August and November in MicroPolar samples, while clade kreas.

appeared to dominate in colder Arctic waters. Thus, althoudé t The peak-values oBynechococcusere clearly associated
would need to be con rmed by physiological characterizattdn  with the Atlantic in ow (salinity > 34.9) and abundances
representative strains, it suggests that clade | could beted@o  decreased exponentially with decreasing temperature and wer
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most often low in ice-associated water. This, along with théncreased growth when potential grazers were removed, rathe
tendency of decreasing concentrations with decreasingityal points at a top-down control. The all-year-round presence of
is in accordance with the suggestion®fnechococcbging an heterotrophic agellates (HNF), considered to be their main
indicator of saline Atlantic water transported into the Aict predators Ganders et al., 1992; Christaki et al., 2001; Kuipers
(Murphy and Haugen, 1985; Gradinger and Lenz, )%&bwell et al., 2003; Zwirglmaier et al., 2Q0adeed allows for grazer
as the low tolerance to wide salinity ranges of obligate n@ari control of the Synechococcpspulations. Still, grazing losses of
Synechococcé/aterbury et al., 19861t should also be noted Synechococcase challenging to estimate as potential grazers
that althoughSynechococcpeak abundances were found in the can include various nano—but also microzooplankton and the
relatively warm, saline Atlantic water, equally high abandes speci closs also depends on the presence of other prey types (i.e.
were observed in discrete samples from non-Atlantic watebacteria and picoeukaryoté2ernthaler, 2006 This is illustrated
masses throughout the yedfigure 3), indicating the potential of by the di erent outcomes of successively removing varioazgr
Synechococctgsadapt to cold, low saline water, as also suggestddactions, which in March, August and November did not resul
by Nelson et al. (2014for Canadian ArcticSynechococcubhe  in di erent growth patterns, butin January and May led to highe
observed maximum abundance of picoeukaryotes, on the othgrowth rates ofSynechococcughen organisms larger than 90
hand, was found at a salinity of 33.5 and they were in genesal | mm were removedKigure S). Thus, this may re ect a trophic
a ected by low salinities thasynechococcukhe dominance of cascade where the microzooplankton graze on HNF and thereby
picoeukaryotes ove®ynechococcimsthe Arctic region may thus release picoplankton from grazing pressure in th@0 mm
be connected to their capacity to stand a wide range of s@mit fraction. In March, August and November, however, there was
in addition to an adaptation to low temperature. As only a fewlittle e ect of size fractionation, which indicates that shnldNF
of our samples had a low salinity (17 surface samples in Auguét 3 mm) were the main grazers of picoplankton and that these
have salinity< 33), more e orts are needed to con rm this trend. were not grazer-controlled themselves. Exactly “who” whee t
In the Canada Basin of the Arctic Ocean proggynechococcus most importantSynechococcgsazers is not possible to deduce
abundance of 60 cell ml} was found at salinities substantially from the presented data, and probably varies over the season.
lower than 33 (i etal., 201R In addition, infection by viruses probably also functions as a
The extreme changes in light conditions in polartop down regulator of thes8ynechococcpspulations Gandaa
environments may also have been a driver for the diversiamat and Larsen, 2006 however virus counts remained relatively
of the Synechococcysopulations. However, in contrast to constant in all ve experiments (data not shown). Still, we did
Prochlorococcusobvious light partitioning is usually not nd the highest net growth rates foSynechococcughen the
observed foiSynechococc(Scanlan et al., 20p8ince only one HNF abundance was lowest (January and March) as well as the
study reported a vertical partitioning of som®ynechococcus highestSynechococcus in si#ébundance in water with low HNF
genotypes so farJutiérrez-Rodriguez et al., 2014in our  concentration (and vice versa), which is in accordance With
incubationsSynechococcsarprisingly showed a net growth in view that HNF control their abundance and distribution atder.
January and March when light was absent or low, respectivelfhe picoeukaryote abundance did not follow the same patterns
while picoeukaryotes did not grow (data not showkjdure 6).  (data not shown), suggesting that they may have dierent
The ability of Synechococcus grow under very low light predators. The fact that autotrophs, such@&mechococcasd
conditions is presumably related to their capacity to consum@icoeukaryotes, persist during winter in very low abundances
dissolved organic matterP@lenik et al., 2003; Cottrell and further suggests that low encounter rates between predator
Kirchman, 200%. Yelton et al. (2016)jndeed found that the and prey in the highly diluted wintry environment release
genetic potential for mixotrophy in picocyanobacteria (thghu the picophytoplankton from grazing pressure and allows
osmotrophy) is globally distributed. Although this still @@s survival despite adverse growth conditio@grboe, 2008 The
to be con rmed by laboratory experiments, it is possible thatexperiments also illustrate th&ynechococcirs both January,
Synechococcu®TUs detected in November, when there isMarch and August have the highest growth rates in the fraxgtio
no light, belong to mixotrophic populations that are adaptedwhere the total prey:HNF ratio is highest, indicating that
to slow growth in the dark. Picoeukaryotes may use anotheBynechococcosght escape the grazers when other potential prey
mixotrophic strategy, i.e., bacterial grazing, to sustaiongh  organisms are relatively abundant.
during dark months Eanders and Gast, 2Q1®ur observations . .
that Synechococcean be more abundant than picoeukaryotesSynechococcus As an Active Player in the
in the Arctic in autumn and winter Figure 4) are consistent Arctic and Future Implications
with previous results Gradinger and Lenz, 199%inpublished It may be questioned whether the observed occurrence of
results from Adventfjorden, Svalbard (I. Kessel NordgardSynechococcusas simply a result of advection and passive
personal communication)] and may suggest that cyanobaadteritransport via the Atlantic water inow. Since the highest
osmotrophy is a more e cient strategy than picoeukaryotic measured abundances were found within the core of the Atant

phagotrophy to survive in the dark. water, this probably represents the major source. The sehsona
_ maximum Synechococclabundance, which was observed in
Grazing on Synechococcus August, does however coincide in time with the seasonal

The highestSynechococcusbundances were observed whenSynechococcbfoom further south along the Norwegian coast.
NO; concentrations were low. Hence, there is no reason t&iven the average transportation time is at its minimum in
believe that they were resource controlled. The tendency aummer (ahrbach et al.,, 20)1it seems unlikely that the
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be largely recycled in the microbial food web and thus beSUPPLEMENTARY MATERIAL
of minor contribution to higher trophic levels in the grazing . . )
food web. Even at the highest abundances observed in thid® Supplementary Material for this article can be found
study, Synechococcasly constitutes a minor part of the Arctic online at: http://journal.frontiersin.org/article/10389/fmars.
epipelagic carbon and energy pool (e.g., 21,000 cellsnig 2016.00191
equal to 2.3mg C L 1, assuming a diameter of 1rtm and
250 fg Cmm 3; Kana and Glibert, 1997relative to the total (blue) plotted on the left y-axis during the rst 5 days of fract ionation
phytoplankton biomass of 4ég C L 1 (assuming a carbon to experiments performed during the 5 cruises.  The fractions< 90 mm (A-E),
chl a conversion of 30). A warmer Arctic ocean that may favor= 10 ™ (F-J), <5mm (K-0) and <3 mm (Q-U) are represented on each row.

. Exponential functions were tted (lines) to the abundance mviding the net growth
Synechococcm the EXpenS.e of Iarger phytoplankton Specw?ates () given in the upper left corner foSynechococcus (red) and HNF (blue).
(Flombaum et al., 2033mp|les that more energy and carbon The total prey (sum ofSynechococcus, picoeukaryotes and heterotrophic
could be retained within the microbial food web, further tegiing  bacteria) to HNF ratio is plotted for each triplicate on heght y-axis (open black
the contribution of Arctic primary production to the top of the circles), the black line connects the daily average prey:HRNratio.
food chain.

Figure S1 | The abundance (cells mL 1) of Synechococcus (red) and HNF

Figure S2 | The abundance (cells mL 1) of Synechococcus (red) and
picoeukaryotes (green) for all months within the upper 500 m, ex cept for
March where pro les are shown down to 1000 and 3000 m. Horizontal light
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