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Abstract. The Arctic Ocean is a unique marine environment as the Arctic Mediterranean Sea (Coachman and Aagaard,
with respect to seasonality of light, temperature, perenniall974). However, the Arctic Ocean and its marginal seas (the
ice cover, and strong stratification. Other important distinc- Chukchi, East Siberian, Laptev, Kara, Barents, White, Green-
tive features are the influence of extensive continental shelveknd, and Beaufort; some oceanographers also include the
and its interactions with Atlantic and Pacific water massesBering and Norwegian seas) are the least known basins and
and freshwater from sea ice melt and rivers. These charadiodies of water of the world’'s oceans owing to their remote-
teristics have major influence on the biological and biogeo-ness, hostile weather, and perennial or seasonal ice cover.
chemical processes occurring in this complex natural sysThe Arctic Ocean has the most extensive shelves of any
tem. Heterotrophic bacteria are crucial components of marine@cean basin, covering about 50 % of its total area. Relative
food webs and have key roles in controlling carbon fluxes into other ocean basins, rivers play a disproportionately impor-
the oceans. Although it was previously thought that these ortant role in the Arctic Ocean, which contains only about 1 %
ganisms relied on the organic carbon in seawater for all ofof the volume of the world’s oceans yet receives approxi-
their energy needs, several recent discoveries now suggestately 10 % of the global terrigenous dissolved organic car-
that pelagic bacteria can depart from a strictly heterotrophicdbon (DOC) load (Aagaard et al., 1985; Opsahl et al., 1999).
lifestyle by obtaining energy through unconventional mech-The DOC concentrations in coastal Arctic waters are twice
anisms that are linked to the penetration of sunlight intohigher than those in the Atlantic and Pacific oceans (Cauwet
surface waters. These photoheterotrophic mechanisms magnd Sidorov, 1996), highlighting the tight coupling of the
play a significant role in the energy budget in the euphoticArctic Ocean with terrestrial catchments (Meon and Amon,
zone of marine environments. Modifications of light and car- 2004). In addition to the discharge of large rivers, the Arc-
bon availability triggered by climate change may favor the tic Ocean is also freshened by an inflow of relatively low-
photoheterotrophic lifestyle. Here we review advances in oursalinity Pacific waters through the Bering Strait and net pre-
knowledge of the diversity of marine photoheterotrophic bac-cipitation over the ocean surface (Serreze et al., 2006). Sea
teria and discuss their significance in the Arctic Ocean gainedce dynamics also play a pivotal role in the salinity regime,
in the framework of the Malina cruise. adding salt to the underlying water during ice formation and
releasing fresh water during ice melting. As a consequence,
estuarine gradients are a defining feature not only nearshore,
but throughout this ocean. Due to this large influx of fresh-
1 Introduction water, the Arctic Ocean is well stratified with a distinctive
surface layer of reduced salinity, the polar mixed layer, and
The Arctic Ocean is the smallest of the five major oceans gensity stratification inhibits vertical mixing with warmer,

covering 2.8 % of the earth’s total surface (Pidwirny, 2006); sajine Atlantic waters below 200 m, allowing sea ice to form
itis almost completely surrounded by land and can be viewed
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(Aagaard and Coachman, 1975). Inorganic nutrient concen-
trations exhibit strong regional gradients from high nutrient
regimes (e.g., the Chukchi Sea shelf) to oligotrophic condi-

tions (e.g., in the Beaufort Gyre and the Beaufort Sea). 0%

The climate of the Arctic marine environment is marked ggi//i ﬂ
by extreme seasonality in solar radiation, ice cover and at- 4%‘1’,2’, .'-H -
mospheric temperature and, to a lesser extent, water tempet n¥ I .- o .' ” Ay,
ature (Carmack et al., 2006). The winter season in the Arctic 1%%@ o Zf;/
is characterized by little or no sunlight, of which only a frac- §‘§ = @° H e ... @@Zj Ptz we;
tion is able to penetrate the thick sea ice and snow layers«=* & fz’ & @,ﬁ;%ﬂ

2% cff//},gf/

to the water column below. This mainly affects photosyn-
thetic organisms like phytoplankton that require sunlight for &

carbon fixation. Most pronounced changes occur during theFlgure 1. Relative abundance of major phyla identified in pyrose-
spring and early summer, when melting sea ice, melt ponds guencing studies of the deep Arctic Ocean (Galand et al., 2010);
and rapidly increasing day length allow greater penetratio

. . . he Arctic Chukchi Beaufort (Kirchman et al., 2010), the central
of light to the water column. Despite their low temperatures, arcjc multiyear ice and the central Arctic seawater (Bowman et

Arctic waters support a highly productive ice-free seasong|. 2012), the offshore Beaufort Sea and the Mackenzie estuary
(Garneau et al., 2008), and bacterial activity has been founqlonega Retuerta et al., 2013).

to be as high as in lower latitudes (Wheeler et al., 1996).
Overall, however, the composition, physiology and function
of prokaryotic heterotrophs in the marine Arctic are poorly
understood, both in terms of spatial variations as well as temBay (Collins et al., 2010) revealed that bacterial communi-
poral dynamics (Amon, 2004). ties were composed of polar and cosmopolitan phylotypes.
In this article, we first present an updated overview of Alphaproteobacterial and gammaproteobacterial sequences
the diversity of pelagic heterotrophic bacteria and their in-often formed the dominant phylotypes in planktonic bacte-
fluences on biochemistry and upper food webs in the Arc-rial assemblages. However, Malmstrém et al. (2007) reported
tic Ocean. Then, we focus on our current knowledge of thehigh numbers of gammaproteobacterial (53 % of the clones)
photoheterotrophic bacterial populations. In the light of re-and Bacteroidetes (29 % of clones) sequences in a Chukchi
cent studies that have been conducted during the Malin&ea sample (western Arctic). Gammaproteobacteria and Bac-
cruise {ttp://malina.obs-vifr.fy, we also discuss the pos- teroidetes were also the dominant groups in surface waters of
sible changes that could occur in the diversity of photo-Baffin Bay and Greenland Sea (Pommier et al., 2007).
heterotrophic bacteria in coastal environments of the Beau- Most recently, massively parallel tag sequencing tech-
fort Sea. nigues have improved our knowledge of the prokaryotic di-
versity in the Arctic Ocean (Fig. 1), despite rarefaction anal-
yses still suggested undersampling. Although a greater abun-
2 Diversity of pelagic heterotrophic bacteria dance of Gammaproteobacteria was reported by Kirchman
et al. (2010), Alphaproteobacteria typically dominate Arc-
Early studies conducted in nearshore areas of the westic surface waters, followed by Gammaproteobacteria and
ern Beaufort Sea investigated the cultivable fraction of theby Bacteroidetes (see references in Fig. 1 and Comeau et
prokaryotic community (Kaneko et al., 1977; Zobell, 1946). al. (2011)). Verrucomicrobia and Actinobacteria are also
Succession of cultivable bacterial phenotypes was demonwidely recognized as abundant Arctic seawater clades. Inter-
strated according to season and geography and in respongstingly, the taxonomic composition of the rare phylotypes
to algal blooms. These pioneering studies demonstratedvas similar to that of the most abundant ones (Galand et al.,
that bacterial isolates tend to differ significantly from those 2009). Low proportions of marine cyanobacterial sequences
found in other marine environments. This observed potenwere generally obtained in marine waters as previously re-
tial for high genetic diversity was further confirmed by 16S ported (Waleron et al., 2007), although significant contribu-
rRNA gene-based molecular analyses of subsurface Arctions were obtained in the attached fraction associated to the
tic prokaryotic communities (Ferrari and Hollibaugh, 1999). Mackenzie plume (Ortega-Retuerta et al., 2013). In the lat-
Early molecular studies analyzed compositional variability ter study, significant differences between particle-attached
in prokaryotic assemblages in Arctic waters (Bano and Hol-and free-living bacterial communities were observed in the
libaugh, 2002). The 16S rRNA gene clone libraries from theopen sea, but both fractions showed a similar structure in
central Arctic (Bano and Hollibaugh, 2002), western Arctic coastal and river samples. The influence of river inputs on
(Malmstrém et al., 2007), Greenland Sea (Pommier et al.prokaryotic community structure was also demonstrated in
2007; Zaballos et al., 2006), Baffin Bay (Pommier et al., previous studies in the Arctic (Galand et al., 2008; Garneau
2007), Laptev Sea (Kellogg and Deming, 2009), and Franklinet al., 2006; Kellogg and Deming, 2009) and in a global
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comparison of bacterial diversity including Arctic samples 3.1.1 Abundance in the Arctic Ocean
(Ghiglione et al., 2012).

Fluorescence in situ hybridization (FISH) has also beenAlthough cyanobacteria predominate in brackish or freshwa-
used to identify bacterial phylogenetic groups and to assester polar environments reaching abundances among the high-
their actual cell abundance in natural waters (Alonso-Saez egst reported in natural environments (Powell et al., 2005),
al., 2008; Elifantz et al., 2007; Garneau et al., 2006; Kirch-their abundance are typically low in marine polar waters (Li,
man et al., 2007; Wells and Deming, 2003). These studie2009). In both polar oceans, picocyanobacteria follow a gen-
confirmed the dominance of Alphaproteobacteria (Elifantze€ral trend of decreasing concentrations and relative abun-
etal., 2007; Garneau et al., 2006) or Bacteroidetes (Elifant#lance with increasing latitudes, and strong inverse correla-
et al., 2007; Wells and Deming, 2003). With contributions tions between cell densities and temperature have been re-
higher that 20 %, SAR11 clade represents the major grougported (Marchant et al., 1987; Murphy and Haugen, 1985;
(Malmstrém et al., 2007). Cell abundances of other ubig-Rosenbergl, 1993Rrochlorococcusthe most abundant pho-
uitous groups such as SAR86 (Gammaproteobacteria) antPsynthetic organism in the ocean, is widely distributed in
Roseobacteclade-affiliated (RCA) cluster (8% and 10 %, subtropical and tropical waters from 48 to 48 N (John-
respectively) were also significant. Seasonal changes in thgon et al., 2006; Partensky et al., 1999b). Due to its tem-
relative abundance of major bacterial groups were reportedperature sensitivity, its concentrations decline rapidly be-
and some abundant groups showed relatively high activity ayond this band (Marchant et al., 1987). Despite its presence

the single-cell level (Alonso-Séaez et al., 2008, 2010; Nikradwas reported in a sub-Arctic region at latitude® 6IL(Buck
etal., 2012). et al.,, 1996) and at southern latitudes of the sub-Antarctic

(Marchant et al., 1987Rrochlorococcuss considered virtu-
ally absent in the polar oceans (Baldwin et al., 2005; Cottrell

3 Diversity of photoheterotrophic bacteria and Kirchman, 2009; Li, 1994; Lin et al., 2012; Zwirglmaier

) ) ) ) et al., 2008).Synechococcus more ubiquitous and inhab-
Photoheterotrophlc bacteria are microorganisms aple to hafzg virtually all marine and freshwater environments (Parten-
vest light energy and to utilize dissolved organic com- sky et al., 1999a). In the Arctic OceaBynechococcusas
pounds as carbon and energy source. Three groups of phot@gen found in many marine cold environments such as the
heterotrophic bacteria are currently known in the marine en-cp kchi Sea (Cottrell and Kirchman, 2009: Huang et al.,
vironment. The first group includes the abundant autotrophic‘2012), the Beaufort Sea (Cottrell and Kirchman, 2009), off
cyanobacteria liké’rochlorococcusand Synechococcusa- Iceland (Michelou et al., 2007) and in an area between
pablle of facultative heterotrophic growth in nutrient—d'epletedthe Norwegian, Greenland and Barents seas (Zwirglmaier et
enw_ronments. Th_e second group is formed by ae_rob'C anoXxyz|., 2008). Epifluorescence microscopy studies have also re-
genic phototrophic (AAP) bacteria. These organisms are oby e variable abundances of phycoerythrin-rich cyanobac-
ligate aerobes using dissolved organic matter as a source @i in Resolute passage (Robineau et al., 1999). The highest
organic carbpn for the|_r metabolism and growth. They har—ce" numbers (> 1®cells mL~1) were measured between the
vest light using bacteriochlorophydl (BChl a)-based pig-  Norwegian, Greenland and Barents seas during the late sum-
ments and reaction centers in addition to respiration. The o, (Zwirglmaier et al., 2008), in marine waters of lower
third group is composed of diverse bacterial groups that usgginities in Resolute passage (Robineau et al., 1999), and
bacterial rhodopsin as light-driven proton pump. in Mackenzie River and estuary, as well as in coastal sites
of Franklin Bay and Amundsen Gulf (Waleron et al., 2007).
However,Synechococcuabundances measured in the Arc-
tic Ocean are generally lower. In two coastal sites from
nent constituents of the marine biosphere, which accounfh® Chukchi and I?eaufort seas, densities never exceed more
for a significant percentage of the biomass and oceanic prithan 100 cellsmL= (Cottrell and Kirchman, 2009) and their

mary production (DuRand et al., 2001; Li, 1994; Veldhuis et cONcentrations decreased by an order of magnitude in off-
al., 1997). Although they depend on light for most of their shore sites near Arctic pack ice (Robineau et al., 1999).
energy production and GOfor carbon acquisition, these Low cyanobactgrlal abundance (less than 24 cells%m_zvas
cyanobacteria have also been shown to take up diverse oS0 measured in the East Greenland Current (Gradinger and
ganic substrates such as amino acids, nucleosides, oligopep€Z: 1989). Interestingly, cyanobacterial abundance did not
tides, urea, sulfur compounds, or cyanate (Malmstrom et al.vary significantly between summer and winter, probably due

2005: Palenik et al., 2003: Zubkov and Tarran, 2005) and© heterotrophic activity during the dark period (Cottrell and
use them to producé cellular biomass. ' ' Kirchman, 2009). During the Malina cruise in summer 2009,

Synechococcusas completely absent in Arctic waters of the
Chukchi and Beaufort seas (Balzano et al., 2012) as observed
previously (Li, 1998).

3.1 Cyanobacteria

Synechococcuspp. andProchlorococcusspp. are promi-
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100 15 ture. Clade | occurred rarely or was not detected in the north-

90+ 14 ern Bering Sea and Chukchi Sea (62K where the eury-
. 5 12 haline clades CB1 and CB5 prevailed. Although these two
% 704 U clades were originally isolated from the Chesapeake Bay,
& o0 8 E their prevalence in the northern Bering Sea and the Chukchi
§ 501 6 -§ Sea suggests an autochthonous rather than a riverine or estu-
;: 401 4 ‘éi Clades arine origin. In the Beaufort Sea that is strongly influenced by
® 2 g el the Mackenzie River, only sequences closely related to fresh-

0N | 0 v water and brackisBynechococcusere detected (Waleron et

10- 2 == CB5 al., 2007).

0 -4 Temperature However, regarding their very low abundance in the po-

lar oceans, picocyanobacteria probably play little role on the
pelagic carbon and energy flow in this part of the globe (Diez
et al., 2012; Gradinger and Lenz, 1989; Koh et al., 2012).

24°10'W: 63° 12Ny
Bering Sea
(S6°U3'W; 171°19'N)
Bering Sea
(S6°17'W: 17102°N)
Bering Sea
(59°53'W; 170°23'N)
Bering Sea
(62°12'W; 172°42°N)

(L6°04'W; S5°05'N)

North Atlantic Ocean
North Atlantic Ocean

3.2 Aerobic anoxygenic phototrophic bacteria
Figure 2. Synechococcuscommunity composition calculated
from environmental sequences recovered in high-latitude regionsCyanobacteria are not the only bacteria that can use light en-
Reprinted by permission from Macmillan Publishers Ltd: The ergy in the upper water column. In the late 1970s, novel aer-
ISME Journal (Huang et al., 2012) obic photosynthetic bacteria containing bacteriochlorophyll
a (BChl a) were isolated from seaweed, sand, bottom sedi-
. ) o . . . ments, and seawater in Tokyo Bay (Harashima et al., 1978;
The origin of picocyanobacteria in the Arctic marine envi- ghina et al., 1979). In contrast to their anaerobic counter-

ronment is controversial. Several authors argue for a stronga s these organisms now called AAP bacteria thrive in oxic
contribution of allochthonous inputs like rivers or transport ., ngitions

by advection from surrounding oceans (Gradinger and Lenz, Ragiscovered in the early 2000s, AAP bacteria were

1989; Vincent et al.; Waleron et al., 2007) while others hy- 4, ght to be abundant and widespread in the euphotic zone
poth_eS|ze for brackish communltles_autochthonous to theyt the open ocean and to contribute significantly to photo-
Arctic Ocean and adapted to cold environments (Cottrell andy hetically driven electron transport (Kolber et al., 2001
Kirchman, 2009; Huang et al., 2012). Rathgeber et al., 2004). Kolber et al. (2000) suggested that
AAP bacteria might be abundant in oligotrophic oceanic re-
gions where the capacity to harvest light energy may pro-
Marine Synechococcuexhibit a high genetic diversity and vide photoheterotrophs a competitive advant_age over chemo-
are divided into three major subclusters, 5.1, 5.2, and 5.3N€terotrophs. Later studies showed that their abundance and
Among numerous clades unveiled by different gene mark-distribution vary greatly among oceanic regimes, suggesting
ers (more than 20 based on 16S—23S internally transcribef1at there is a broad range of potential ecological niches for
spacer), clades |, II, Il and IV are dominant on a global these microbes (Cottrell et al., 2006; Lehours et al., 2010;

scale (Ahlgren and Rocap, 2012; Zwirgimaier et al., 2008)_Ma§|’n et al., 2006; Sieracki et al., 2_006; Yutin et al., 2007)_.
It seems however that AAP bacteria are more abundant in

These lineages show different geographic niche exploitation. X
Clades | and IV dominate in nutrient-rich coastal waters atShelf and coastal areas than in the open ocean (Schwalbach
high latitudes, while clade Il is widely distributed in sub- and Fuhrma_m, 2005; Sieracki et al., 2006). The numper of
tropical and tropical oceanic waters (Huang et al., 2012;/AAP bacteria can exceed 10% of total prokaryotes in es-
Zwirglmaier et al., 2008). tuaries (Cottrell et al., 2010; Waidner and Kirchman, 2007)
Using 16S rRNA-targeted probes specific &ynechococ- but typically account for a small percentag_e (2 to 4%) in
cusclades, Zwirglmaier et al. (2008) showed that clades 10P€n ocean waters (Cottrell et al., 2006; Jiao et al., 2007)
and IV dominatedSynechococcusommunities in an area where high abundances were recorded however (Lami et al.,

between the Norwegian, Greenland, and Barents seas, boffP07)- Despite lower AAP bacterial abundances reported in
clades yielding approximately equal hybridization signals. ©ligotrophic pelagic environments, these bacteria constitute
The significance of these clades up t6 62in the north At- & Very dynamic part of marine microbial communities and

lantic was further confirmed by Huang et al. (2012) (Fig. 2). May contribute significantly to the upper ocean carbon cycle
In the southern Bering Sea (56=80) where clade IV was ~ (Koblizek etal., 2007).

not detected, clade | represented a significant portion of the

Synechococcusommunity (Huang et al., 2012). The latter

study evidenced a clear shift 8ynechococcusommunity

structure with increasing latitude and decreasing tempera-

3.1.2 Diversity in the Arctic Ocean
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This is consistent with the trophic status of the Beaufort Sea
that is quite oligotrophic in summer (Ortega-Retuerta et al.,
2012), with nearly undetectable nitrate levels during the Ma-
lina cruise. In contrast to total prokaryote abundance, AAP
proportions correlated significantly with ammonium, silicate,
total Chla, and the different forms of organic carbon, nitro-
gen, and phosphorus. This suggests that AAP bacteria may
respond to organic supply differently and have higher miner-
alization capacities than the bacterial community (Boeuf et
al., 2013).

Offshore

~15% ~6%

Offshore

Betaprotcobaciogy e T 3.2.2 Diversity in the Arctic Ocean

Our knowledge on the diversity of AAP bacteria has long
Rhizobiales been based on cultures (Yurkov and Beatty, 1998). AAP bac-
R teria have been further identified in environmental samples
using known photosynthetic reaction center genes (Béja et
al., 2002). Wider polymerase chain reaction (PCR) primers
targetingpufM gene encoding the M subunit of bacterial

Figure 3. Schematic diagram representing the changes in abunphotosynthe_tlc r_eactl_on _Cente.rs were Ithen used to gxpand
dance(a) and diversity(b) of major AAP bacterial clades along AAP bacterial diversity in various environments (Yutin et
an onshore—offshore transect of the Beaufort Sea. AAP proportion&l-, 2005). Diverse AAP bacteria were also retrieved in
were calculated by dividing AAP bacterial numbers (enumerated bymetagenomes from the Atlantic and Pacific oceans (DeLong
infrared epifluorescence microscopy) by the total prokaryotic num-et al., 2006; Venter et al., 2004; Waidner and Kirchman,
bers (4',6-diamidino-2-phenylindole counts). 2005; Yutin et al., 2007). Further studies indicated that AAP
communities can be structured differently according to ge-
ographical location (Jeanthon et al., 2011; Jiao et al., 2007,
3.2.1 Abundance in the Arctic Ocean Lehours et al., 2010). All these efforts have evidenced the ge-
netic diversity of AAP bacteria with members of the Alpha-
The abundance and distribution of AAP bacteria has been Beta-, and Gammaproteobacteria. Both targeted (Hu et al.,
poorly studied in high-latitude waters. In the earliest study 2006; Jiao et al., 2007; Lehours et al., 2010) and non-targeted
conducted in Arctic marine waters, AAP bacteria were found(Yutin et al., 2007) diversity studies have shown that de-
to constitute 5 to 8% of the prokaryotic community in pending on the location and environment, members of ei-
coastal waters of the Beaufort and Chukchi seas (Cottrelther the Alpha- or Gammaproteobacteria typically dominate
and Kirchman, 2009). These authors did not report signifi-the marine AAP bacterial community. For example, in the
cant changes in AAP bacterial abundance between summeBaltic and Mediterranean seas, most AAP bacteria belonged
and winter. During the Malina cruise that crossed the Beringto Gammaproteobacteria (Jeanthon et al., 2011; MaSin et
and Chukchi seas and focused on the southern Beaufort Sed., 2006), while in the Global Ocean Sampling (GOS) ex-
in summer 2009, we observed a strong decreasing gradiengedition, theRoseobactelike group of Alphaproteobacteria
from the Mackenzie River to the open ocean, with a meandominated the oligotrophic AAP bacterial community (Yutin
AAP bacterial contribution of 7 % in the Mackenzie mouth, et al., 2007).
1% inshore, and 0.1 % offshore (Boeuf, 2013). The high- Only a limited number of studies have examined the diver-
est AAP abundances were found in surface waters of thesity of AAP bacteria in high-latitude waters. First investiga-
Mackenzie plume (14 %) and in the benthic nepheloid layertions carried out in the permanently frozen freshwater Lake
(BNL) (9%) (Fig. 3a). These results are in line with those Fryxell (Antarctica) (Karr et al., 2003) revealed that AAP
recorded in estuarine systems such as the Long Island Sountacteria living in these habitats were distinct from their ma-
Delaware Bay and Chesapeake Bay, where these bacteriine counterparts. The presencepoffM genes in Antarctic
can constitute more than 10% of the prokaryotic commu-seawater and sea ice environment was further demonstrated
nity (Cottrell et al., 2010; Schwalbach and Fuhrman, 2005;by Koh et al. (2011). Using the same primer set, both these
Sieracki et al., 2006; Waidner and Kirchman, 2008). The lowstudies found that Alphaproteobacteria dominated the AAP
AAP bacterial percentages in-shelf and offshore Beaufortbacterial communities. Seawater clones closely related to
Sea samples were similar to those reported in Antarctic waRoseobacter denitrificarsiggest the presence of the ubiqui-
ters of the Southern Ocean (Schwalbach and Fuhrman, 200%pus RCA cluster in Antarctic waters. In surface waters of the
and in most oligotrophic temperate and tropical regions (Ho-Chukchi and Beaufort seas, althouglifM genes belong to
jerova et al., 2011; Jiao et al., 2007; Lamy et al., 2011).phylogroups previously identified in the GOS metagenome

www.biogeosciences.net/11/3309/2014/ Biogeosciences, 11, 33222014
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n=23(1) 241) 94 (3) 81(3) 25(1) 97(3) tion of a large number dulfitobactemandLoktanellastrains

100% from most of the shelf and offshore stations.
9% The most striking observation was the widespread dis-
80% tribution of betaproteobacterial clades in the entire Beau-
fort shelf (Fig. 4). The most abundant betaproteobacterial
70% clade exhibited a strong river-to-ocean gradient (Fig. 3b),
60% suggesting that these bacteria grew in the Mackenzie River
50% and then were mixed with Beaufort coastal waters (Boeuf,
2013). These results were in line with the fact that (i) be-
40% : . : :
taproteobacterigiufM genes increased in summer coastal li-
30% braries (Cottrell and Kirchman, 2009) at higher river flow, (ii)
20% betaproteobacterial AAP bacteria are found in high propor-
10% tions in estuarine or freshwater habitats (Salka et al., 2011,
Waidner and Kirchman, 2008; Yutin et al., 2007), and (iii)
0% & & & K2 e Betaproteobacteria are commonly found in the Mackenzie
& $$ \es & \\/{@ Q§ River where they are dominant (Galand et al., 2008; Gar-
& %é &Q \%° & ‘b neau et al., 2006). AAP bacterial diversity was highest at
Chukehi and é@” ‘}g@ ve‘ & depths where Pacific Summer Water mixes with the BNL. At
Beaufort 9eas & & & O these depths, AAP bacteria affiliated to orders Rhizobiales
@ O and Sphingomonadales were common along the Mackenzie
Beaufort Sea shelf but almost absent in surface waters (Figs. 3b and 4).
Although Gammaproteobacteria represent one third of the
DO Sulfitobacter-like mBetaproteobacteria

bacterial community in Arctic marine waters (Kirchman et
al.,, 2010), no gammaproteobacterial AAPs were found at
the coastal sites of Chukchi and Beaufort seas (Cottrell and
Kirchman, 2009) (Fig. 4). We confirmed this trend during the

. . ) o Malina cruise since only a fepufM clones belonging to the
Figure 4. Relative abundance giufM genes in clone libraries o5y maproteobacterial phylogroup K were recovered in north
obtained from Arctic Ocean samples. Clones were retrieved fromF,aCifiC Ocean samples but none were obtained abdvii 62

coastal samples of the Chukchi and Beaufort seas in summer ang. ilarl | f this phvl f din Ant
winter (Cottrell and Kirchman, 2009) and from the Mackenzie imilarly, no clones ofthis pnylogroup were found in Antarc-

plume, coastal and offshore surface waters and other depths (Boelic S€2 ice and seawater (Koh et al., 2011). This seems to

etal., 2013). The numbers of clones and libraries analyzed are indilndicate that polar waters are an exception to its widespread

cated in bold and between brackets, respectively. distribution (Jeanthon et al., 2011; Lehours et al., 2010; Yutin
et al., 2007).

1a

W Loktanella-like O Undefined
W Rhizobiales

B Sphingomonadales

Alpha-
proteo
bacter

3.3 Proteorhodopsin-containing bacteria
(Yutin et al., 2007), most were distinct from those retrieved
at lower latitudes and in Antarctic waters (Boeuf et al., 2013; An additional type of phototrophy has also been recently
Cottrell and Kirchman, 2009; Koh et al., 2011). By examin- found in marine surface waters. Proteorhodopsins (PR) are
ing a couple of coastal sites in summer and winter, Cottrellretinal-binding integral membrane proteins discovered via
and Kirchman (2009) revealed the presence of three phyenvironmental genomic surveys in the early 2000s (Béja et
logroups (Fig. 4). Two of them (phylogroups E and F) be- al., 2000; Béja et al., 2001; de la Torre et al., 2003; Venter
longed to the Rhodobacterales that is one of the most comet al., 2004). Proteorhodopsins are homologues of bacteri-
mon alphaproteobacterial order in polar and subpolar oceansrhodopsins discovered in the halophilic archétalobac-
(Fu et al., 2010; Ghiglione and Murray, 2012; Niederbergerterium salinarumfour decades ago (Oesterhelt and Stoeck-
et al., 2010; Prabagaran et al., 2007; Salka et al., 2008; Seljenius, 1971). Their designation was based on the discov-
et al., 2004).Loktanellalike pufM clones (phylotype F) ery of metagenomic fragments that linked the first discov-
dominated the libraries at both seasons, whereas proportiorered of these PR genes to a small subunit ribosomal RNA
of Sulfitobactesrelated sequences (phylogroup E) increased(SSU rRNA) gene defining the uncultured SAR86 group II,
in winter. Boeuf et al. (2013) investigated more thoroughly a gammaproteobacterial group widespread in marine plank-
the AAP diversity in the transition zone between offshore ton (Béja et al., 2000; Suzuki et al., 2001).
and Mackenzie-influenced coastal waters (southern Beaufort Subsequent PCR-based gene surveys, screenings of bacte-
Sea) in summer. The presencepoffM genes affiliated with  rial artificial chromosome and fosmid libraries, and metage-
Rhodobacterales in most of the Beaufort shelf was remarknomic and genome analyses have identified a wide variety
able (Figs. 3b and 4) and supported by independent isolaef PR genes (Béja et al., 2001; de la Torre et al., 2003; Man
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A O L) WO SO V) 15N TG 66 M@ of coastal sites, this study revealed a diverse collection of
ol | [ PR genes, only a few of them belonging to previously identi-
80% < fied groups. Clone libraries were mainly composed of alpha-
0% e and gammaproteobacterial PR types and their composition
0% . i changed between summer and winter (Fig. 5). During the
so% T Malina cruise in the Beaufort Sea, we surveyed the PR di-
ZZ; ] s . N versity in different water masses using the same primer set
m and compared the composition of DNA and cDNA libraries

(Fig. 5). An alphaproteobacterial group entirely composed of

10%
0% == ! e ! Arctic sequences that we called “Arctic” dominated in most
é & DNA DNA RNA DNA RNA DNA RNA . . . . .

& S e ¥ 3 T surface libraries, confirming earlier results of Cottrell and
S g’s & § bﬁ Kirchman (2009). Contributions of SAR11 sequences were
Chukehi and & 5 f & higher in cDNA than in DNA libraries, suggesting that this
Beanfort Seas \f & og? S clade is highly active in Arctic waters (Boeuf, 2013). With

< the exception of Mackenzie plume samples, high proportions
Beaufort Sea of gammaproteobacterial PR mostly composed of SAR92-
D Avetic B Flavebacioria like and IMCC2047-like sequences were found in DNA li-
4 ZZmsarn OGeiy @ Bacteroidees braries. Only a few clones aligned with the SAR86 clade of
ST Lo WOthers B Belaproieabacieria PR genes, which was reported to comprise the majority of

Antarctic pelagic PR sequences (Béja et al., 2001). Addition-
Figure 5. Relative abundance of PR genes in clone libraries ob-a|ly, coastal surface and Mackenzie plume libraries contained
tained from Arctic Ocean samples. Clones were retrieved fromsignificant amounts of Flavobacteria sequences. In contrast
coastal samples of the Chukchi and Beaufort seas in summer an\ﬂlith AAP community composition, only a limited number of
winter (Cottrell and Kirchman, 2009) and from the Mackenzie ]}ew betaproteobacterial PR sequences were obtained along
plume, coastal and offshore surface waters and other depths (Boeu Mackenzie plume alth h orimer sets taraeting fresh-
2013). The numbers of clones and libraries analyzed are indicatect]he aﬁ z € plume a .f.ou?l P ed Sets 1a gg 9 esl d
in bold and between brackets, respectively. water clades were specifically tesFe . Our study reveale

that Beaufort Sea PR sequences did not match closely with

Antarctic ones, supporting the fact that PR genes from the

et al., 2003). Proteorhodopsins were found in diverse bacNorthern and Southern hemispheres are not similar.

terial groups, including the ubiquitous SAR11 groups (Gio-

vannoni et al., 2005; Giovannoni and Stingl, 2005), the abun-3-3.2  Abundance in the Arctic Ocean

dant coastal clade SAR 92 (Stingl et al., 2007), as well as ) )

in strain HTCC 2255 Rhodobacterales, marine Flavobacterid/Nlike Cyanobacteria and AAP bacteria, abundance of PR
(Gémez-Consarnau et al., 2007; Gonzalez et al., 2008; Rieddlrokaryotes cannot be estimated using direct methods such
et al., 2010; Yoshizawa et al., 2012) and planktonic Archaea@s flow cytometry or epifluorescence microscopy. Quantita-
(Frigaard et al., 2006). Phylogenies of PR amino acid sefiveé PCR (qPCR) is the technique that has been most used
guences are not consistent with those of 16S rRNA, sugi0 €xamine the distribution of PR genes (Campbell et al.,
gesting that PR genes have acquired by lateral gene transf&008; Riedel et al., 2010; Suzuki et al., 2001) and to mea-
(Frigaard et al., 2006; Sabehi et al., 2004). Proteorhodopsin§ure their expression in natural waters (Lami et al., 2009).
have been detected in coastal and open ocean environmentlternatively, the abundance of PR genes has been evaluated
but also in freshwater, estuarine, and brackish ecosystemi§om the frequency of clones carrying PR genes in environ-

(Atamna-Ismaeel et al., 2008; Rusch et al., 2007). mental DNA libraries (Rusch et al., 2007; Sabehi et al., 2005;
Venter et al., 2004).
3.3.1 Diversity in the Arctic Ocean Proteorhodopsin-containing bacteria have been estimated

to contribute for up to 65% (mean of 50 %) of the bacte-
Only very few molecular surveys have reported PR bacteriarial community in the Sargasso Sea, from 7 to 57 % (mean of
in marine polar waters. Antarctic PR sequences have beef3 %) in the north Atlantic Ocean, about 13 % in the Mediter-
detected in coastal surface waters near Anvers Island, westanean Sea and 35 % in the North Sea (Campbell et al., 2008;
ern Antarctic Peninsula (Béja et al., 2000; Williams et al., Riedel et al., 2010; Rusch et al., 2007; Sabehi et al., 2005;
2012) and in sea ice and brine samples of the Ross Sea (Kolenter et al., 2004). Alphaproteobacterial groups represent
et al., 2010). Sequences analyses revealed that Antarctic Pgenerally the highest fraction among PR bacteria. Among
showed similarity to previously reported PR sequences, althem, the ubiquitous SAR11-like cluster is the only one to
though most of the sequences were generally distinct. Coteontribute to 10 % of the overall community and almost 18 %
trell and Kirchman (2009) reported the first study on PR bac-in the Sargasso and Mediterranean seas (Boeuf, 2013; Camp-
terial diversity in Arctic waters. Although limited to a couple bell et al., 2008).

www.biogeosciences.net/11/3309/2014/ Biogeosciences, 11, 33222014



3316 D. Boeuf et al.: Diversity of Arctic pelagic bacteria

were high in most clone libraries where they overdominated
at depth (Fig. 5), they represented a minor fraction of the to-
tal bacterial community in all samples (mean <1 %). These
results indicate that relative frequencies of PR genes in clone
libraries do not reflect their real abundance in natural com-
munities. Our quantitative data indicate that PR genes are
upiteborg abundant in the Beaufort Sea, suggesting the high contribu-
tion of PR phototrophy in Arctic waters. Alphaproteobacte-
rial PR genes dominate, and their distribution in coastal and
offshore waters suggests that factors other than light control
their abundance.

Estuary Shelf Offshore

Offshore

SARIL & HOT2C01  Arctic Clade Are =
SAR92 & SARIL & SARIL

4 Potential impact of global change

The Arctic Ocean is a key player in global climate regula-
tion as well as a particularly sensitive system that has al-
ready undergone serious perturbations due to climate warm-
ing (Camill, 2005; Peterson et al., 2002). The total volume
Figure 6. Schematic diagram representing the changes in apun@nd extent of the sea ice are decreasing (Walsh, 2008) lead-

dance(a) and diversity(b) of major PR bacterial clades along an INg t0 an increase of river runoff (Peterson et al., 2002) and
onshore—offshore transect of the Beaufort Sea. Total PR abundanc® decrease in the surface layer salinity of the Arctic Ocean
(a) was calculated by summing the relative proportions of the eight(ACIA, 2005). An additional consequence is the accelerat-
most abundant clades in the clone libraries (Fig. 5). ing permafrost melting (Nelson, 2003) and coastal erosion
(Rachold et al., 2000). The increasing delivery of organic car-
bon is suspected to enhance the mineralization process car-
In polar marine waters, PR bacteria were detected throughried out by heterotrophic bacteria in the estuarine and coastal
out the annual cycle (Cottrell and Kirchman, 2009; Williams Arctic Ocean (Meon and Amon, 2004) and thus release a
et al., 2012) but their abundance has not been extensivellarge amount of C@into the atmosphere (Kling et al., 1991).
assessed. Cottrell and Kirchman (2009) compared the sedxcluding the potential shift of surrounding oceans’ connec-
sonal abundance of two clades retrieved from two coastations, currents, and icecap drifting (Hopcroft et al., 2008)
sites of the Chukchi and Beaufort seas. Their abundance wakhat may profoundly affect bacterial communities at both re-
not found to differ significantly between summer and winter. gional and global scales, global warming could impact bac-
Using the set of PR sequences previously amplified from theerioplankton by modifying its local environment (physical
Beaufort Sea (Boeuf, 2013), we designed gPCR primers t@aspect) and its nutrient sources and interactions in the food
target the most abundant groups in the libraries. By addingveb (biotic aspect). The lengthening of the open-water pe-
together their abundance estimates, these groups accountedd is likely to stimulate primary production via increased
between 0.9 % and 44.7 % (mean of 15.3 %) of the total baclight availability, which in turn would enhance bacteria pro-
terial community (Fig. 6a) (Boeuf, 2013). The ubiquitous duction (Arrigo et al., 2008; Zhang et al., 2010). These mod-
SAR11-like PR clade dominated in the Beaufort Sea and wagls all assume that more open water will lead to increased
preferentially distributed offshore and above the deep chloro-mixing and entrainment of nutrients into the upper water col-
phyll maximum where mean contributions exceeded 10 %umn. Alternatively, the freshening of the Arctic could lead to
of the total bacterial community (Fig. 6b). This contribution stronger salinity stratification and fewer nutrients being en-
is close to the percentage of SAR11 16S rRNA gene detertrained into the euphotic zone.
mined from pyrosequencing data obtained from the western In the Beaufort Sea, distributions of AAP and PR bacteria
Arctic Ocean (Kirchman et al., 2010). Consistent with clone and their relationships with environmental parameters show
library data, the “Arctic” clade, the second most abundant PRstrong differences. The most abundant AAP bacterial clade is
clade in the libraries, was preferentially distributed in surfacestrongly influenced by nutrient-rich river inputs. The freshen-
waters. It represented up to 24 % of the offshore bacteriaing of the Arctic coastal regions could therefore favor the sur-
community. The alphaproteobacterial HOT2CO01 cluster wasvival of halotolerant freshwater AAP bacteria and expansion
found in high proportions in Sargasso Sea (26 %) while de-of their habitat (Boeuf, 2013). The impact of the phototrophic
creasing to 8 % in the north Atlantic (Campbell et al., 2008). lifestyle on energy requirements and carbon metabolism of
In the Beaufort Sea, this cluster was mostly present in coastahese bacteria is unknown. Examination of their distribution
areas but its contribution was low (2 %) (Boeuf, 2013). Sur-in other Arctic coastal regions and their contribution to bio-
prisingly, although proportions of PR Gammaproteobacteriageochemical cycling is needed.
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The decrease in ice thickness and the shift from perenniahhigren, N. A. and Rocap, G.: Diversity and distribution of marine
ice pack to seasonal ice (Perovich, 2011) could favor mas- Synechococcusnultiple gene phylogenies for consensus classi-
sive under-ice phytoplankton blooms in the Arctic (Arrigo et~ fication and development of gPCR assays for sensitive measure-
al., 2012). Such structural shifts of Arctic marine ecosystems Ment of clades in the ocean, Frontiers in Microbiology, 3, 1-24,
could in turn be favorable to AAP bacteria of tR@seobac- ldo"1%?389/‘:"'05;20%]2'00213%2' L3 M. Balagué. V.. and
ter clade (Gonzélez et al., 2000; Suzuki et al., 2001) andAonSO', aez, L., sanchez, ., -aso, .. M. baague, V., an

. - ., Pedrés-Alio, C.: Winter-to-summer changes in the composition
PR groups (Flavobacteriaceae, alphaproteobacterial "Arctic

. ... and single-cell activity of near-surface Arctic prokaryotes, Envi-
clade, and gammaproteobacterial SAR92 clade) that exhibit Microbiol., 10, 2444—2454, 2008.

a strong responsiveness to phytoplankton blooms. A longponso-saez, L., Galand, P. E., Casamayor, E. O., Pedrés-Ali6, C.,
term consequence of further increasing stratification will be  and Bertilsson, S.: High bicarbonate assimilation in the dark by
reduction of the vertical flux of nutrients to the euphotic  Arctic bacteria, ISME J., 4, 1581-1590, 2010.
zone and decreasing productivity. Low-nutrient conditions inAmon, R. M. W.: The role of dissolved organic matter for the or-
the upper Beaufort Sea could therefore be particularly favor- ganic carbon cycle in the Arctic Ocean, in: The Organic Car-
able to bacterial groups adapted to oligotrophic conditions bon Cycle in the Arctic Ocean, edited by: Stein, R. and Macdon-
(SAR11 and other alphaproteobacterial PR groups) whose ald, R.W., Springer, Berlin, 2004. o
photoheterotrophic capabilities provide a competitive advan#"90. K. R., van Dijken, G., and Pabi, S.: Impact of a shrinking
tage (Gémez-Consarnau et al., 2010; Steindler et al., 2011). /'Clic ice cover on marine primary production, Geophys. Res.
. . Lett., 35, 1-6, 2008.
The current knowledge suggests that microbial processe

in th . icularl . ; irrigo, K. R., Perovich, D. K., Pickart, R. S., Brown, Z. W., van
in the Arctic Ocean are partlcu arly sensitive to environ- Dijken, G. L., Lowry, K. E., Mills, M. M., Palmer, M. A.,

mental changes and have potentially large impacts on car- gaich, W. M., and Bahr, F.. Massive phytoplankton
bon flows and other ecosystem functions. The way photo- plooms under Arctic Sea ice, Science, 336, 1408-1408,
heterotrophic microbes adjust to these changes will probably doi:10.1126/science.1215068012.

have impacts on the marine ecosystem of the Arctic OceanAtamna-lsmaeel, N., Sabehi, G., Sharon, 1., Witzel, K. P,
Understanding how they interact and influence higher food Labrenz, M., Jiirgens, K., Barkay, T., Stomp, M., Huisman, J.,
webs as well as biogeochemical cycling in this system is nec- and Béja, O.: Widespread distribution of proteorhodopsins in
essary. Future research should examine communities present freshwater and brackish ecosystems, ISME J., 2, 656-662, 2008.
in less-explored central Arctic regions and include thoroughBaldwin, A. J., Moss, J. A., Pakulski, J. D., Catala, P., Joux, F., and

: : . . Jeffrey, W. H.: Microbial diversity in a Pacific Ocean transect
analysis of seasonal influences on microbial processes. ’ . o .
y P from the Arctic to Antarctic circles, Aquat. Microb. Ecol., 41,

91-102, 2005.
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