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Abstract Archaeal communities represent a significant

fraction of the Antarctic marine microbial plankton and

surely play a relevant role in the proper functioning of the

ecosystem. We studied the archaeal community structure in

surface water samples from Potter Cove, Antarctica.

Temporal and spatial variability was investigated along a

whole year cycle using DGGE and 16S rRNA gene

sequencing from clone libraries. Additionally, photosyn-

thetic pigments, suspended particulate matter (SPM),

salinity and temperature were measured. The multivariate

analysis performed using diversity, dominance and rich-

ness indexes, and environmental data evidenced a seasonal

pattern in the archaeal community and revealed that

spring–summer samples clustered separately from autumn

to winter ones. High salinity and high values of diversity

and richness were related to autumn–winter samples,

whereas the spring–summer samples were associated

mainly with higher values of temperature, SPM, Chl-a,

carotenoids and archaeal dominance. The phylogenetic

analysis of five independent clone libraries (467 sequences)

showed that 448 sequences fell into a clade containing

Nitrosopumilus maritimus and other sequences of ammo-

nia-oxidizing archaea which belong to the Thaumarchaeota

phylum. A high fraction of these sequences (62 %) con-

stituted a single cluster containing only highly similar

Potter Cove representatives, which probably belong to the

same species. Fifteen sequences were affiliated to a group

closely related to the order Thermoplasmatales (Eur-

yarchaeota). This work represents a first step towards

obtaining a deep understanding of the structure of archaeal

communities from Antarctic coastal marine environments

and contributes to cover the current gap in knowledge of

the dynamics of the archaeoplankton in the Antarctic seas.

Keywords Antarctic Peninsula � 16S rDNA � DGGE �
Marine archaea

Introduction

In the last decades, it has become clear that archaea thrive

not only or exclusively in areas exhibiting extreme envi-

ronmental conditions but also in those with moderate

physicochemical parameters. This finding changed the old

concept of archaea as being obligate extremophiles to a

more realistic view as ecophysiologically relevant ubiqui-

tous microorganisms (Schleper et al. 2005). Among their

relevant ecological roles, there is the ability to grow
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chemoautotrophically using ammonium as electron donor

(Hallam et al. 2006; Ingalls et al. 2006). Furthermore, their

carbon assimilation pathways permit some archaea to live

as strict autotrophs or as mixotrophs, utilizing both carbon

dioxide and organic material as carbon sources (Hallam

et al. 2006). Marine archaea are estimated to represent one-

third of the prokaryotic plankton biomass (DeLong et al.

1994), but deeper knowledge of their ecological role is

prevented by the impossibility to cultivate them. The

division of the archaeal domain into phyla is now under

debate, and what is known so far clearly represents a pre-

liminary classification. Currently, the archaeal domain

includes the most widely distributed and most often

encountered phyla Crenarchaeota and Euryarchaeota, the

‘‘deep branching’’ Korarchaeota, the seemingly thermo-

philic group Nanoarchaeota and the recently proposed,

diverse and abundant phylum Thaumarchaeota, formerly

known as the Marine Group I Crenarchaeota (Brochier-

Armanet et al. 2008).

Unlike other oceans, where archaea seem to be pre-

dominant only in deep waters, the Southern Ocean contains

a significant fraction of archaea as a component of surface

prokaryotic plankton (DeLong et al. 1994). Several authors

also observed a significant seasonal variability of the ar-

chaeal communities from Antarctic marine surface waters

(Murray et al. 1998; Massana et al. 1998). Cowie et al.

(2010) found that Thaumarchaeota was the dominant ar-

chaeal phylotype in Antarctic sea ice. A similar finding was

reported for central Arctic sea waters by Bano et al. (2004)

and for Arctic sea ice (Collins et al. 2010). Although this

group has also proved to be restricted to subsurface waters

of temperate areas (Karner et al. 2001; Fuhrman and

Hagström 2008), it has also been reported as abundant in

surface waters of polar regions and the North Sea, mainly

during winter or early spring (Church et al. 2003; Galand

et al. 2008). Surface water Marine Group I Crenarchaeota

populations seem to decline sharply during the Antarctic

spring and summer (Massana et al. 1998; Murray et al.

1998). Some authors attributed such decline to competition

with bacteria that bloom in response to increased phyto-

plankton production in the spring (Church et al. 2003;

Wuchter et al. 2006; Herfort et al. 2007).

In this work, we studied the archaeal community

structure from Potter Cove, a small fjord located in the

south-west area of 25 de Mayo (King George) Island,

South Shetland Islands, Antarctica. Potter Cove is strongly

influenced by the seasonal input of the meltwater run-off.

Potter Cove coastal land was designated Antarctic Spe-

cially Protected Area (ASPA) N� 132 by the Scientific

Committee on Antarctic Research (SCAR). However,

despite a long history of studies of different components of

the Potter marine ecosystem including benthos, phyto-

plankton, zooplankton, micro- and macroalgae (Fuenets

et al. 2008; Quartino and Boraso de Zaixso 2008; Schloss

et al. 2012), no studies on the composition and structure of

its microbial communities have been published. Yet

microbial data for this ecological system is urgently needed

for the completion of current models, aiming to describe

the functioning of this Antarctic marine ecosystem (Sch-

loss et al. 2002). Although Potter Cove seems a typical

Antarctic coastal environment, it often lacks a spring

phytoplankton bloom reported for many other Antarctic

coastal environments and can be defined as a low phyto-

plankton biomass system (Schloss and Ferreyra 2002). We

therefore hypothesize that this atypical characteristic will

have a deep influence on the microbial community struc-

ture of the cove. In this work, we analysed, during an

annual cycle, the presence, composition and spatial and

temporal changes of the archaeal community from Potter

Cove.

Materials and methods

Site description and sampling

Sampling was carried out in Potter Cove (62�140S,

58�400W), 25 de Mayo (King George) Island, Antarctica.

The cove waters exhibit marked seasonal changes, with

cyclic processes of freezing and thawing of the surface, and

a huge input of meltwater during the spring and summer

that significantly alter the physicochemical characteristics

of the environment. Potter Cove is divided into an outer

and an inner basin separated by a 30-m-deep transversal

sill. These topological features determine that the dominant

streams as well as the major creek draining freshwater into

the marine basin mainly affect the inner part of the cove

(Curtosi et al. 2007). The outer part of the cove is less

affected by these factors and exhibits similar characteristics

to those of the open waters of the Admiralty Bay.

Three sampling sites were selected: station 1 (E1;

62�13.9350S, 58�39.9900W) located at the inner zone, sta-

tion 2 (E2, 62�14.0110S, 58�41.4430W) at the outer zone

and station 3 (E3; 62�14.0640S, 58� 39.4020W) at the mouth

of the Potter Creek (Fig. 1). From spring to summer, the

Potter Creek is the main source of run-off waters which are

the product of precipitations and glacier-ice melting. Our

sampling campaign covered a 15-month period from

December 2007 to February 2009. During the spring and

summer, when the cove was ice free, samples were taken

every 15 days at each sampling station. During autumn and

winter, sampling was performed monthly at E1 and E2. E3

station was not sampled in this period because the flow of

freshwater from Potter Creek ceased and the shallow

marine waters close to the mouth were completely frozen.

Surface sea water samples (10 L) were obtained using
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Niskin bottles manipulated from Zodiac boats. Niskin

bottles were sterilized by washing them with 1 N HCl and

further rinsed with sterile distilled water. The water sam-

ples were successively filtered onto 3 and 0.22 lm cellu-

lose acetate membranes (Millipore, USA). Filters were

kept at -80 �C for further processing in the laboratory.

Further molecular studies were performed using 0.22-lm

membranes, focusing attention on the planktonic cell

fraction.

Measurement of environmental parameters

Vertical profiles of temperature and salinity were obtained

using a MicroCTD Falmouth FSI, MCTD3 model. The

total suspended particulate matter (SPM) was measured by

gravimetry. Briefly, we weighed pre-combusted (500 �C,

5 h) Whatman GF/F filters (Whatman International Ltd.,

Maidstone, UK), which were then used to filter 1 L of

water samples. After filtration, filters were rinsed twice

with distilled water to remove salts, then dried 24 h at

60 �C and weighed (WSPM). The total SPM was obtained

by subtracting the weight of the pre-combusted filter from

the weight of the dried SPM filter. Finally, the proportion

of organic matter (OM) was obtained by combusting the

SPM filters for 5 h at 500 �C and reweighing the filter. The

difference between weight of the SPM filter before and

after combustion provided the OM value.

To measure the photosynthetic pigments concentration,

1 L of surface water was filtered onto Whatman GF/F fil-

ters. Photosynthetic pigments were extracted from filters in

90 % acetone for 24 h at 4 �C in the dark. Chlorophyll-a

(Chl-a) concentration was spectrophotometrically deter-

mined according to Strickland and Parsons (1972) using a

UV–VIS 139 spectrophotometer (Hitachi, Japan). The

following equation was applied:

Chl a
lg

10mL

h i
¼ 11:6o:d:664�1:31o:d:645 � 0:14o:d:630ð Þ

� Extract vol: mLð Þ
Cuvette width cmð Þ

� �

The phaeopigment concentration was calculated as follows

(Lorenzen 1967):

Fig. 1 Map of the study area,

Potter Cove, 25 de Mayo (King

George) Island, Antarctica. The

three sampling sites are shown

on the map: station E1 located

at the inner zone, station E2 at

the outer zone and station E3 at

the mouth of the Potter Creek
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Pheopigment
mg

m3

h i
¼ 26:7 1:7 o:d:664a � o:d:664bð Þ v

lV

� �

where o.d.664a is absorbance at 664 nm, after acidification

with 1 N HCl, o.d.664b is absorbance at 664 nm, before

acidification with 1 N HCl, v is volume of acetone (mL), l

is cuvette length (cm), V is volume of filtered water (L).

Carotenoid concentrations were estimated using equa-

tion of Strickland and Parsons (1968):

Ccar
mg

m3

h i
¼ 4:0 o.d.480

v

lV

� �

where o.d.480 is absorbance at 480 nm, v is volume of

acetone (ml), l is cuvette length (cm), V is volume of fil-

tered water (L).

DNA extraction, PCR and DGGE

Genomic DNA (gDNA) was extracted from the 0.22-lm

membrane filters using the UltraClean soil DNA isolation

kit (# 12800-100, MoBIO, USA). A fragment of the 16S

rRNA gene was amplified using the archaeal primer set

Arc21F (50-TCCGGTTGATCCYGCCGG-30) and Arc958R

(50-YCCGGCGTTGAMTCCAATT-30) where Y = C or

T (DeLong 1992). These primers were analysed using

BLASTn in order to test the correct annealing with all

groups of archaeal 16S rRNA available gene sequences. The

reaction mixture (50 lL total volume) consisted of 19 PCR

buffer, 2.5 Mm MgCl2, 2 % DMSO, 0.2 mM dNTPs,

0.2 lM of each primer and 2 U of Taq DNA polymerase

(Gold Taq, Eurogentec, Belgium). For DGGE purposes, a

PCR was performed from the genomic DNA (20–30 ng per

reaction) to amplify a fragment of approximately 190 bp

from the V3 region of the archaeal 16S rRNA gene using the

344f-GC (modified with a GC clamp at the 50-end) and 517R

primer set as described in Raskin et al. (1994). Reaction and

cycling conditions described in Ferrari and Hollibaugh

(1999) were used. The quality and the concentration of the

PCR products were checked by electrophoresis on 1 %

agarose gels in 19 TAE buffer and subsequent staining with

ethidium bromide. Size and yield of PCR products were

estimated by comparison with a DNA smart ladder (Euro-

gentec, Belgium).

Molecular fingerprints of the archaeoplanktonic com-

munity were generated by denaturing gel gradient elec-

trophoresis (DGGE) using the DGGE PhorU system

(Ingeny, Goes, The Netherlands). Optimal band separation

was obtained on a 6 % polyacrylamide gel using a 40 to

60 % urea-formamide DNA denaturing gradient. A 100 %

urea-formamide was defined as 7 M urea (Bio-Rad, Ve-

enendaal, The Netherlands) and 40 % deionized formam-

ide (Sigma-Aldrich Chemie B.V.) by Muyzer et al. (1993,

2004). For each sample, we loaded 200 ng PCR product

supplemented with 19 loading buffer (0.05 % w/v

bromophenol blue, 40 % sucrose, 0.1 M EDTA pH 8.0,

0.5 % sodium lauryl sulphate). The DGGE was run for

16 h at 60 �C and 100 V in 0.59 TAE buffer. (TAE buffer

is 0.04 M Tris base, 0.02 M sodium acetate and 10 mM

EDTA [pH 7.4]). A marker sample was added to each gel

as a reference for subsequent band pattern analysis.

Analysis of DGGE profiles

The DGGE band profiles were digitalized and normalized

using flanking marker bands with BioNumerics version 3.5

(Applied Maths NV, Belgium) as described in Piquet et al.

(2008). Band patterns were translated into both a presence/

absence matrix and a relative abundance matrix also using

BioNumerics. The relative abundance matrix was used to

estimate the Shannon diversity (H), richness (R) and

dominance (D). We used the above-mentioned values and

environmental variables data (Chl-a, phaeopigments, SPM,

OM, IM, salinity and temperature) for multivariate analysis

(PCA, Discriminant analysis [DA], MANOVA). MANO-

VA was tested using Wilks, Pillai, Lawley-Hotelling and

Roy statistics. Samples for different seasons were com-

pared using Hotteling test with Bonferoni’s corrected level

(InfoStat program, Di Rienzo et al. 2001).

Construction of 16S rDNA clone libraries

Five 16S rDNA clone libraries were constructed as

described previously (Piquet et al. 2010). The PCR primers

used to amplify the 16S rDNA of archaea were 21F and

958R. Based on the results obtained from the cluster ana-

lysis of the DGGE pattern, we decided to pool samples as

follows: E1 spring–summer, E1 autumn–winter, E2 spring–

summer, E2 autumn–winter and E3 spring–summer. First,

we amplified each sample individually, and then equal

amounts of all the amplicons corresponding to each library

were mixed. Pooled PCR products were cloned in the

pGEM-T easy vector system (Promega Benelux B.V.) and

transformed in Escherichia coli strain TOP10 according to

the manufacturer’s protocol. One hundred colonies with

positive insert were randomly selected and amplified by

growth of colonies on LB broth. The plasmid was isolated

using a HP GenElute Plasmid Miniprep kit (Sigma-

Aldrich). Rarefaction curves indicating archaeal 16S rRNA

richness were made by using Analytic Rarefaction (Hol-

land 2003).

Sequencing of 16S rDNA clone library

and phylogenetic analysis

For each pooled sample, 100 white colonies were selected

and amplified from the vector’s T7-SP6 sites; 30 ng of
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PCR product was cleaned using ExoSAP-IT (Affymetrix,

Cleveland, USA) and used as template in the sequencing

reaction performed with BigDye� 3.1 Terminator buffers

(Applied Biosystems) and 0.2 mM T7 primer. Sequence

products were cleaned by standard isopropanol precipita-

tion and analysed on an automated Applied Biosystems

3730xl Genetic Analyzer (Applied Biosystems, Foster

City, CA). Sequences were aligned using the online Clustal

Omega Multiple Sequence Alignment (http://www.ebi.ac.

uk/Tools/services/web_clustalo/). Alignment was manually

edited using BioEdit. Identity matrix was calculated from

this alignment by using the accessory to BioEdit. The 16S

rDNA phylogenetic trees were constructed from

881-nucleotide-length sequences. Estimation of the reli-

ability of phylogenetic reconstructions was made by

bootstrap analysis (1,000 replicates) by means of the Mega

5 package using evolutionary distances (Kimura 2 plus G:

0.29) and the neighbour joining and maximum likelihood

methods. That is, fewer than 5 % alignment gaps, missing

data and ambiguous bases were allowed at any position.

There were a total of 620 positions in the final dataset.

Operational taxonomic units (OTUs) were ascribed to a

taxonomic group based on the closest match obtained with

GenBank database using BLAST (version 3.0), which is

available at http://www.ncbi.nlm.nih.gov/blast/. OTUs

were defined as group of sequences with at least 97 %

identity.

Nucleotide sequence accession numbers

The sequences obtained in this study are available in the

GenBank database under accession numbers: KF558400 to

KF558493 (ArcE2spr–sum), KF558494 to KF558588

(ArcE3spr–sum), KF558589 to KF558684 (ArcE1aut–

win), KF558685 to KF558777 (ArcE1spr–sum) and

KF558778 to KF558865 (AcrE2aut–win).

Results

Environmental parameters

The average values for the environmental parameters

grouped by season for each station are shown in Table 1.

Changes in water temperature over time showed similar

trends at the three sampling locations. Minimum values

were -1.69, -1.40 and -0.29 �C for E1, E2 and E3,

respectively. E3 temperatures tended to be higher than the

other two stations during the periods when this station

could be monitored. The highest temperatures were

recorded at sampling stations within the cove. The highest

temperature recorded at E1 and E3 were 2.89 and 3.94 �C,

respectively, while a highest temperature at E2 was

1.98 �C.

Surface salinities did not show similar trends at the three

sampling stations over time. Salinities measured at the

inner cove (E1) and near the meltwater stream (E3) were

variable and showed a clear decrease during summer. E3

values accompanied the changes observed in E1, reaching

values lower than 29.62 psu during summer (2008/2009).

In contrast, salinities from E2 showed more stability over

time and stayed relatively high throughout the summer (E2

summer average = 33.58 ± 0.63 psu). Chl-a and carote-

noids showed similar patterns at E1 and E2 stations,

reaching the maximum average values during spring. The

maximal Chl-a value measured was 2.3 lg L-1, showing

no major phytoplankton biomass build-up. For phaeopig-

ments, maximum values were detected in different sam-

pling times in the three stations.

Finally, SPM showed higher values during summer,

when freshwater run-off was maximal, indicating that SPM

is mainly of terrestrial origin. The analysis of the SPM

composition showed that the SPM was mostly composed of

inorganic matter. The organic fraction of SPM was lower

(annual average for E1: 18.6 %, E2: 23.6 % and E3:

Table 1 Seasonal averages for

all environmental data from the

different sampling stations

Each value represents the

average ± standard error

Chl-a Chlorophyll-a, Carot

carotenoids, Phe

phaeopigments, SPM suspended

particulate matter

Temperature

(�C)

Salinity

(psu)

Chl-a

(lg L-1)

Carot

(lg L-1)

Phe

(lg L-1)

SPM

(mg L-1)

E1 spring 0.78 ± 1.11 33.1 ± 0.91 1.07 ± 0.55 0.68 ± 0.34 0.00 26.87 ± 19.96

E1 summer 1.54 ± 0.63 32.96 ± 0.76 0.69 ± 0.42 0.56 ± 0.32 0.39 ± 0.58 14.91 ± 12.35

E1 autumn -0.07 ± 0.58 33.55 ± 0.16 0.26 ± 0.16 0.15 ± 0.07 0.04 ± 0.06 18.77 ± 9.21

E1 winter -1.47 ± 0.26 34.30 ± 0.68 0.06 ± 0.05 0.11 ± 0.08 0.06 ± 0.11 1.87 ± 0.87

E2 spring 0.6 ± 0.94 33.96 ± 0.29 1.28 ± 0.56 0.85 ± 0.37 0.00 8.33 ± 6.63

E2 summer 1.43 ± 0.51 33.58 ± 0.63 0.92 ± 0.59 0.71 ± 0.35 0.13 ± 0.20 10.56 ± 6.38

E2 autumn -0.08 ± 0.71 33.82 ± 0.46 0.12 ± 0.16 0.08 ± 0.11 0.63 ± 0.34 1.70 ± 0.28

E2 winter -1.38 ± 0.07 34.30 ± 0.46 0.14 ± 0.07 0.12 ± 0.12 0.11 ± 0.12 1.68 ± 0.75

E3 spring 0.53 ± 1.16 32.86 ± 1.69 0.88 ± 0.54 0.57 ± 0.35 0.01 ± 0.01 22.70 ± 4.38

E3 summer 2.17 ± 1.21 32.17 ± 1.53 0.91 ± 0.5 0.50 ± 0.29 0.24 ± 0.4 17.11 ± 11.69
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8.8 %) and constant throughout (results not shown). The

inorganic fraction of the SPM was responsible for the

cyclic changes. Additional figures showing the values of

the environmental parameters all along the sampling period

are given as Online Resource 1 to 6.

DGGE analysis of archaeal communities

The DGGE analysis revealed a heterogeneous community

with spatial and temporal variability. The richness (total

number of DGGE bands per sample) was low

(5.04 ± 2.55). Differences in the number and position of

the bands were observed even in water samples from the

same station taken consecutively. These results demon-

strate continuous and fast temporal changes of the archaeal

community. Differences between sampling stations at the

same time were also evident (Fig. 2). A clear decrease in

the number of DNA bands (4.48 ± 2.67) was observed in

the spring–summer samples compared with those observed

in the autumn–winter samples (6.5 ± 1.50). The features

observed from the DGGE gel were confirmed by the ana-

lysis of diversity (Table 2). Diversity was low for all sta-

tions, with the lowest values observed in E3. In this station,

some of the samples showed no archaeal bands at all

(Fig. 2). Maximum diversity values were observed for E2

and E1 samples from autumn. At stations E1 and E2, the

archaeal diversity showed a diversity increase in autumn–

winter and a decrease towards summer. The drop in

diversity is explained by the decrease in species richness

and the increase in dominance during summer.

Multivariate analysis: PCA, DA and MANOVA

Environmental and biological data were used to conduct

multivariate analyses. The PCA showed a separation of the

samples into two groups, with the main two components

explaining 84.3 % of the variance (Fig. 3). The first com-

ponent explained 70.9 % of the variance and separated the

autumn–winter samples from spring to summer ones. The

seasonal grouping of samples was also confirmed by the

DA results (Fig. 4). In the PCA, autumn and winter

samples were explained by the following variables: salin-

ity, diversity and richness, whereas spring and summer

samples were related to temperature, SPM, OM, Chl-a,

carotenoids and archaeal dominance. The variable ‘‘phae-

opigments’’ explained most of the variability of component

2 and showed the maximum concentration in summer and

autumn. It is interesting to note that during autumn and

winter, E1 and E2 (the only two stations sampled in these

seasons) were closely grouped, while E1 and E3 grouped

during summer and spring. These results indicate that E1 is

strongly influenced in spring and summer by the freshwater

run-off and more by oceanic conditions in winter–autumn.

E2 exhibited a different pattern; during summer, it shared

more similarity with E1 and E3, while in spring it main-

tained an intermediate position on the CP1 axis.

The same variables considered for PCA were used in a

DA that consider only seasons as grouping criteria. Results

based on the confidence ellipses obtained confirmed the

grouping of the samples in an autumn–winter and a sum-

mer–spring clusters (Fig. 4).

Multivariate analysis of variance (MANOVA) used to

compare samples obtained in the different seasons gave a

high level of significance (p \ 0.001). MANOVA showed

Fig. 2 DGGE fingerprints of the three sampling sites (E1, E2, and E3). From left to right stations E1, E2 and E3. The marker sample is indicated

with an M, and above each lane, we indicate the sampling date

Table 2 Seasonal diversity data: the relative abundance matrix

obtained from DGGE band patters were used to estimate the Shannon

diversity index (H), richness (R) and dominance (D)

Diversity (H) Dominance (D) Richness (R)

E1 spring 1.13 ± 0.13 0.43 ± 0.11 5.00 ± 0.00

E1 summer 1.01 ± 0.59 0.49 ± 0.24 4.33 ± 2.45

E1 autumn 1.55 ± 0.30 0.28 ± 0.09 6.67 ± 1.53

E1 winter 1.57 ± 0.36 0.26 ± 0.09 7.00 ± 2.65

E2 spring 1.38 ± 0.74 0.36 ± 0.25 7.67 ± 5.51

E2 summer 1.10 ± 0.57 0.47 ± 0.26 4.88 ± 2.30

E2 autumn 1.60 ± 0.15 0.24 ± 0.01 7.00 ± 1.41

E2 winter 1.35 ± 0.12 0.33 ± 0.05 5.75 ± 0.50

E3 spring 0.76 ± 0.53 0.61 ± 0.32 3.50 ± 2.12

E3 summer 0.66 ± 0.34 0.63 ± 0.20 2.67 ± 1.37

Each value represents the average ± standard error
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no significant differences between winter and autumn

samples, nor between summer and spring samples. How-

ever, samples from autumn–winter differed significantly

from the spring–summer (p \ 0.05), confirming the sta-

tistical significance of the clustering observed with the

PCA and DA. The robustness of the previous results that

grouped autumn–winter and spring–summer samples led us

to consider the pooling of samples based on this temporal-

based criterion to perform the clone libraries.

Phylogenetic analysis of Potter Cove environmental

sequences

A total of 478 clones from the five independent 16S rRNA

gene libraries were obtained and sequenced. Eleven

sequences were identified as likely chimeras using the

Bellerophon program (Huber et al. 2004) and excluded

from further analyses. The phylogenetic analysis of the 467

remaining sequences led to the identification of 92 OTUs

Fig. 3 First two principal

components (PC) from PCA

analysis, using archaeal data:

richness, diversity (H) and

dominance, and environmental

data: Salinity, Temperature,

Chlorophyll-a (Chl-a),

Carotenoides (Carotenoid.),

Phaeopigments (Phaeopigm.),

suspended particulated matter

(SPM), organic matter (OM)

and inorganic matter (IM)

Fig. 4 Two principal canonical

axes from discriminant analysis

(DA), using archaeal data:

richness, diversity (H) and

dominance, and environmental

data: Salinity, Temperature,

Chlorophyll-a (Chl-a),

Carotenoides (Carotenoid.),

Feopigments (Feopigm.),

suspended particulated matter

(SPM), organic matter (OM)

and inorganic matter (IM).

White diamond summer, grey

circle spring, grey square

autumn, black circle winter
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(at 97 % of identity level). Rarefaction analyses of col-

lector’s curves, calculated either from the combination of

the all clones or from the individual clone libraries at this

identity level were near saturation (Online Resource 7).

These curves indicated that our sampling effort covered

most of the archaeal diversity from Potter Cove.

The NJ phylogenetic analysis of our sequence data

showed a prevalence of thaumarchaeotal 16S rRNA gene

sequences (Fig. 5): Overall, 449 out of 467 sequences fell

into a thaumarchaeotal clade, which also contained Nitro-

sopumilus maritimus and other environmental sequences of

ammonia-oxidizing archaea (AOA). For an in-depth ana-

lysis of the thaumarchaeotal clade, we generated a phylo-

genetic tree (Fig. 6) obtained with sequences exclusively

belonging to the phylum Thaumarchaeota, whose ribotypes

dominated all the Potter Cove libraries constructed and

represented 96 % of the total sequences obtained. As can

be observed in Fig. 6, the thaumarchaeotal clade contained

several clusters, some of them (mixed clusters M1–M7)

containing both, Potter Cove sequences and environmental

sequences from databank. One of the mixed clusters (M4)

contained Nitrosopumilus maritimus sequence. The other

thaumarchaeotal clusters only contained Potter Cove

thaumarchaeotal sequences and are referred to as nonmixed

(NM) clusters. One of those consisted of Potter Cove

sequences collected from different sites and on different

sampling days, while the NM2 cluster consisted exclu-

sively of sequences isolated from E3 (26 sequences).

The remaining 18 archaeal 16S rRNA gene sequences

from this study were not affiliated to the thaumarchaeotal

clade and were distributed into five different branches/

groups (Fig. 5). The NJ method revealed that sequence

ArcE3-48spr–sum grouped with members of the Cre-

narchaeota AK31 clade. Sequence ArcE3-90spr–sum

appeared to be a distant relative of an unclassified envi-

ronmental sequence obtained from a subsurface microbial

community at the saturated zone of the Hanford Site (Lin

et al. 2012). ArcE3-13spr–sum clone shared most of its

identity with a euryarchaeotal sequence distantly related to

Methanocella paludicola. A complementary ML analysis

Fig. 5 Neighbor-joining tree

showing phylogenetic

affiliations of the 467 partial

16S rRNA archaeal gene

sequences to closely related

database sequences. Bootstrap

values higher than 50 % are

shown
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Fig. 6 Neighbor-joining tree

showing phylogenetic

affiliations of the 449 partial

16S rRNA thaumarchaeotal

gene sequences to closely

related database sequences.

Bootstrap values higher than

50 % are shown
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indicated that this sequence was related to Methanospiril-

lum lacunae (AB517986.1), a methane producing archaeon

isolated from Japanese soil (Iino et al. 2010).

The remaining 15 sequences seem to represent a novel

lineage of Archaea domain that grouped into a not well-

supported (NJ method, bootstrap value \50) clade related

to the order Thermoplasmatales (Fig. 5). We decided to

name this clade ‘‘Putative Cold Marine Water Eur-

yarchaeota’’ (PCMWE). This group of sequences (sup-

ported by a bootstrap value of 85) consists of two well-

supported clusters (bootstrap values 99 for both clades),

PCMWE1 and PCMWE2. Sequences from these groups

shared a high identity with several environmental

sequences from different cold marine areas. An additional

analysis by ML method (Fig. 7), also revealed a very

well-supported PCMWE group (bootstrap value 100),

which includes two well-supported clades (bootstrap val-

ues 100 and 98). Both clades comprise marine water

sequences from different cold regions, and a subcluster is

composed exclusively by Potter Cove sequences. Using

this method, the PCMWE cluster was affiliated as a

brother group (bootstrap value of 80) to the order Ther-

moplasmatales, which contains Ferroplasma cupricumu-

lans, Ferroplasma acidiphilum (a nonthermophilic

acidophile genus), Picrophilus oshimae, Thermoplasma

acidophilum and Thermogymnomonas acidicola (a mod-

erately thermophilic genus). This result supports the

euryarchaeotal affiliation of these 15 Potter Cove archaeal

sequences. However, among the type strains, the closest

relatives of these organisms from BLASTn analysis had

only 78 % identity (data not shown).

Discussion

Twenty years ago, the pioneer work of DeLong (1992)

demonstrated the presence and abundance of archaeo-

plankton in Antarctic marine environments, even in surface

waters. Yet, to this day, knowledge about the identification

of these archaea and their role in polar ecosystems, where

they thrive, remains scarce. In the present study, we try to

contribute to the advance on this issue by applying a strong

Fig. 7 Maximun likelihood trees showing phylogenetic affiliations of the 467 partial 16S rRNA archaeal gene sequences to closely related

database sequences. Bootstrap values higher than 50 % are shown
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sampling effort over a 15-month period on three stations

from Potter Cove, a shallow water coastal marine area in

the northern Antarctic Peninsula. In summer, Potter Cove

waters are strongly influenced by the input of freshwater

from melting glaciers. We therefore included measure-

ments for several physicochemical parameters (salinity,

temperature, SPM), in order to follow the strong seasonal

oscillations. Multivariate analyses of the DGGE band

patterns and the environmental variables significantly

separated all samples taken in autumn–winter from the

spring–summer samples. Spring and summer represent the

period when solar radiation and temperature increase in

Antarctica, enabling the onset of primary production. Also

in Potter Cove, spring and summer Chl-a values increased,

resulting from phytoplankton biomass build-up and greater

primary production rates. Yet, during this period, Potter

Cove also undergoes a significant increase in the SPM, in

particular of inorganic matter originating from freshwater

run-off. The freshwater input led to a decrease in salinity in

the inner part of the cove, which mainly affected sampling

sites E1 and E3. In the same period, we observed a

decrease in archaeal diversity, caused by a decrease in

richness and an increase in dominance of some archaeal

groups that probably grow faster by taking advantage of the

higher productivity of the Potter ecosystem in these sea-

sons. The increased dominance took place to the detriment

of other archaeal groups with a lower interspecific com-

petition success.

Contrary to this, during the autumn–winter period, the

decrease in the incident solar radiation (that reached min-

imum values in June and July) leads to a decrease in water

temperature, resulting in the freezing of the surface waters

and stopping the freshwater input. Under these conditions,

salinity values rose and SPM dropped, accompanying an

increase in archaeal diversity.

The multivariate analyses show the clear grouping of the

spring and summer samples from E1 and E3, which was

mostly explained by the high SPM and temperature data, as

well as low salinities. This strongly indicates that archaeal

communities from stations E3 (located at the mouth of the

creek) and E1 (located at the inner part of the cove) are

strongly influenced by the freshwater input. In autumn–

winter, samples from E1 grouped with E2 samples. In this

period, stations E1 and E2 exhibit more oceanic charac-

teristics, such as higher salinity and lower SPM. Remark-

ably, the spring and summer samples from E2 stand aside

from the previous groups, which indicates that E2 is less

influenced by freshwater input and potentially is a more

stable site throughout the year. From these data, we can

conclude that Potter Cove is mostly influenced by melt-

water effects in spring–summer, while autumn–wintertime

conditions are mostly oceanic, and E2 remains ‘‘oceanic’’

throughout most of the year.

Analysis of the sequences from clone libraries revealed

a high dominance of members of the phylum Tha-

umarchaeota, formerly known as Marine Group I Cre-

narchaeota. A possible bias in the primer annealing as

cause of the observed dominance of thaumarchaeotal

sequences was discarded based on the BLASTn primer

analysis in which all type of archaeal sequences were

retrieved. This primer set has also been successfully used

by other authors (DeLong et al. 1994; Bano et al. 2004)

with no clear dominance of the Thaumarchaeota group.

Furthermore, a recent metagenomic dataset obtained from

surface sediments of Potter Cove collected close to station

1 sampling site (unpublished data) also revealed a great

dominance of Thaumarchaeota among the members of the

Archaea domain (JGI 2013). Overall, these data support

our finding for Potter Cove archaeoplankton composition.

The Thaumarchaeota phylum seems to occupy a broad

variety of ecosystems and habitats. Members of the Tha-

umarchaeota have been recovered from the very warm to

the extremely cold environments and also from soils,

marine and freshwaters, ice and the body of other organ-

isms. It is considered to be a very diversified and old group

of archaea (Pester et al. 2011; Brochier-Armanet et al.

2012).

This group acquired even more ecological relevance

when it was reported that its members have the ability to

oxidize ammonia (Ingalls et al. 2006). The isolation,

characterization and complete genome sequencing of Ni-

trosopumilus maritimus (Köneke et al. 2005) more clearly

allowed us to infer the relevance of the ammonia-oxida-

tion-based chemoautotrophic metabolism. These findings

lead to the further proposal of classifying these archaeal

microorganisms into a new phylum named Tha-

umarchaeota (Brochier-Armanet et al. 2008). Based on the

characteristics of this group, the dominance of Tha-

umarchaeota in our clone libraries suggests that it could be

playing a relevant role in the nitrogen cycle of Potter Cove.

Given the key role played by ammonia-oxidizing bacteria

(AOB) in the dynamics of the coastal marine environments

(Zehr and Ward 2002), future deep work should be carried

out in order to prove whether thaumarchaeotal AOAs

inhabiting Potter Cove are playing the role that AOB play

in other marine ecosystems. The dominance of AOA

among the archaeal microorganisms in Potter Cove water

samples was observed at the temporal and spatial scale.

Dominance of Thaumarchaeota among archaeal popula-

tions from polar marine waters was reported in both Ant-

arctic and Arctic surface waters (Bano et al. 2004; Amano-

Sato et al. 2013). However, other authors have reported a

significant seasonal oscillation of the archaeal abundance

in coastal Antarctic waters, with near absence of archaea

during summer season (Kalanetra et al. 2009). Our findings

differ from those data. Although we observed a clear
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decrease in the marine archaeal richness and diversity

during summer, we detected the presence of archaea

throughout our entire sampling period. Only a few samples

collected from the creek station E3 lacked any archaeal

fingerprint, suggesting some deleterious effect of fresh-

water inflow on the community.

The analysis of the phylogenetic tree obtained for the

thaumarchaeotal sequences offers several points to high-

light. Four of the thaumarchaeotal clusters were exclu-

sively composed of Potter Cove sequences, which were not

affiliated with any sequence previously reported from the

GeneBank database. Despite the growing number of ar-

chaeal and thaumarchaeotal sequences available in the

NCBI databases, it appears that several thaumarchaeotal

groups inhabiting are Potter Cove waters specific, as they

have no known close relatives from other marine

environments.

The analysis of the phylogenetic tree revealed that the

NM4 cluster (a Potter Cove cluster) not only exhibited a

high dominance (62 % of the whole thaumarchaeotal

sequences) but also showed that a great proportion of its

sequences have 99 % of similarity and probably are the

same species. In brief, our work suggests that approxi-

mately 59 % of the archaeal sequences recovered from

Potter Cove surface waters belong to so far unknown

thaumarchaeotal strains. Among the other three Potter-

exclusive clusters: NM1, NM2 and NM3, M2 was an

E3-exclusive cluster, as it only comprised sequences

from the spring–summer E3 library. We speculate that

the freshwater flowing from the creek might have been a

source for this M2 group, since E3 is strongly influenced

by the freshwater input originating from the glacier

melting.

A closer inspection of sequences obtained from the

database and included within our mixed thaumarchaeotal

clusters showed that all had been obtained from Arctic or

Antarctic coastal areas (0–50 m depth). Surprisingly, when

these sequences originated in temperate or tropical areas,

the samples always were deep sea samples. Low temper-

atures might be the factor conditioning this observation,

because temperature represents one of the factors shared by

these two, in other ways very dissimilar, marine environ-

ments (the surface polar waters and the deep waters from

temperate and tropical regions). A similar observation can

be made in relation to the euryarchaeal sequences. The

cluster that we called ‘‘putative cold marine water Eur-

yarchaeota’’ (Fig. 5) comprised 16 sequences grouped in

two mixed sub-clusters. Moreover, phylogenetic analysis

showed that both subclusters were composed of two

strongly supported groups of sequences: a Potter-exclusive

group and a databank-exclusive one (see Fig. 7). Again, the

databank sequences closely related to both Potter-exclusive

groups of sequences were obtained from cold sea waters. In

addition, this ‘‘putative cold marine water Euryarchaeota’’

group, which represents a deep-branching lineage of Ar-

chaea domain and that lack any cultivated representatives,

showed to be related to the order Thermoplasmatales. The

presence of marine Euryarchaeota related to the Ther-

moplasmatales was reported near 20 years ago for Ant-

arctic waters (DeLong et al. 1994). However, the absence

of culturable members of this group prevents any solid

inference about their physiological or ecological role in the

environment where they come from.

In conclusion, the present work permitted us to confirm

that archaeal communities from Potter Cove suffer sea-

sonal oscillations, with higher diversity during winter.

However, different from previous reports, our results

showed that archaea in Potter Cove stayed detectable, all

throughout the year. This fact could be related to the lack

of a spring algal biomass build-up, preventing a signifi-

cant growth of the bacterial cells and then giving archaea

the chance to continue growing in spring–summer.

We observed the existence of a clear temporal and spatial

dynamics in this community but also a great dominance of a

unique thaumarchaeotal species. These two characteristics

could be conditioned by the strong variation in the envi-

ronmental factors present in Potter Cove, determining clear

changes between seasons, but also the presence of only a

few groups successfully adapted to this changing environ-

ment. We cannot discard, though, the influence of some

more indirect effects, such as competition with eubacterial

species, especially during summer and spring.

The absence of a strong springtime organic matter

input in Potter Cove could favour the presence of archaeal

species fulfilling the role of AOA. We expect that the

oscillations in archaeal community structure as well as the

dominance of Thaumarchaeota be shared by other Ant-

arctic coastal marine environments of the West Antarctic

Peninsula (WAP) exhibiting low productivity. However,

as this study represents, as far as we know, one of the first

studies dealing with this subject in the mentioned region,

further studies in different shallow water areas of the

WAP will be needed in order to corroborate this

hypothesis.
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