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A metagenomic assessment of winter and summer
bacterioplankton from Antarctica Peninsula coastal
surface waters
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Antarctic surface oceans are well-studied during summer when irradiance levels are high, sea ice is
melting and primary productivity is at a maximum. Coincident with this timing, the bacterioplankton
respond with significant increases in secondary productivity. Little is known about bacterioplankton
in winter when darkness and sea-ice cover inhibit photoautotrophic primary production. We report
here an environmental genomic and small subunit ribosomal RNA (SSU rRNA) analysis of winter and
summer Antarctic Peninsula coastal seawater bacterioplankton. Intense inter-seasonal differences
were reflected through shifts in community composition and functional capacities encoded in winter
and summer environmental genomes with significantly higher phylogenetic and functional diversity
in winter. In general, inferred metabolisms of summer bacterioplankton were characterized by
chemoheterotrophy, photoheterotrophy and aerobic anoxygenic photosynthesis while the winter
community included the capacity for bacterial and archaeal chemolithoautotrophy. Chemolithoau-
totrophic pathways were dominant in winter and were similar to those recently reported in global
‘dark ocean’ mesopelagic waters. If chemolithoautotrophy is widespread in the Southern Ocean in
winter, this process may be a previously unaccounted carbon sink and may help account for the
unexplained anomalies in surface inorganic nitrogen content.
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Introduction

The Southern Ocean has long been the focus of
microbial ecology studies, especially in relation
to primary productivity and carbon cycling
(Karl, 1993; Fuhrman and Azam, 1980; Ducklow
et al., 2001). These waters are a controlling factor in
regulating atmospheric CO2 concentration and are
characterized by high nitrate concentrations but low
primary productivity limited to varying degrees by
iron, silica and light (Coale et al., 2004). Seasonal
variation of oceanographic, weather and ice condi-
tions in the Southern Ocean is dramatic. The austral
summer is characterized by continuous high solar
irradiance; water column stratification; and an
intense but spatially patchy period of primary
productivity that fuels a food web of krill, penguins,

fish, seals and whales while supporting heterotrophic
microbial production up to 10 mmol C m�2 d�1

(Ducklow et al., 2001). A natural experiment occurs
each winter in waters south of the Polar Front when
sea ice forms, light fades and a deeply mixed water
column results in little net primary productivity from
photoautotrophy as phytoplankton disappear. This
winter bacterial productivity is likely driven by
drawdown of phytoplankton produced dissolved
organic carbon (DOC) and at least in the zone near
the polar front, relatively high bacterial carbon
production (nearly 10% of which can be chemoauto-
trophic) that can support an active protist and viral
community (Manganelli et al., 2009).

High-latitude winter microbial oceanography
studies have been limited mostly because of challen-
ging access and the perception that most primary
productivity is limited to summer phytoplankton or
late winter/early spring sea-ice algae (Kottmeier and
Sullivan, 1987). Most studies have focused on vari-
ability in microbial abundance (Delille et al., 1996) or
activity (Ducklow et al., 2001; Pearce et al., 2007)
and showed winter lows followed by increases in
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abundance that precede increases in carbon produc-
tion. Cyclic patterns in bacterial community struc-
ture were identified off the Antarctic Peninsula,
through two annual cycles (Murray et al., 1998)
where greater richness in winter and dramatic shifts
between winter and summer were found (Murray
and Grzymski, 2007). A similar pattern was seen in a
comparative pyrotag sequence study conducted at
Kerguelen Islands and the Antarctic Peninsula
(Ghiglione and Murray, 2012). Archaea, first
described in Antarctic waters almost 20 years ago
(DeLong et al., 1994), have a distinct seasonal cycle
in which Marine Group I crenarchaeota (MGI here-
after) are abundant in late winter surface Antarctic
waters (Murray et al., 1998; Church et al., 2003).
These findings contrast with the original studies
reporting that these organisms were dominant in
deeper ocean habitats (Fuhrman et al., 1992; Karner
et al., 2001). The MGI patterns in the Arctic also
contrast with the Antarctic. In the Arctic, seasonal
patterns were not identified, though the MGI were
the most dominant archaeal group in surface waters
(Galand et al., 2009). Low organic matter levels and
deep mixing in winter could be major drivers in
shifting bacterioplankton community composition
and metabolic potential; this may, as a result, impact
the global carbon cycle—a possibility that has
largely gone unnoticed due to lack of studies in
winter. Similarly, little is known about possible
transformations in inorganic nutrient pools due to
winter microbial processes. Southern Ocean envir-
onmental genomic studies focusing on identifying
organisms and metabolic capabilities of the micro-
bial community are limited (Béja et al., 2002;
Grzymski et al., 2006), but promise to revise our
understanding of the plankton dynamics.

Motivated by observations of strong temporal
shifts in the Antarctic bacterioplankton community,
we were interested in better defining the community
diversity and genome-encoded capabilities at two
contrasting times of the annual cycle. Here, we
analyzed small subunit ribosomal RNA (SSU rRNA)
gene sequences, end sequences from large insert
(40 kb) environmental clones and a subset of the fully
sequenced environmental clones from winter and
summer near-surface seawater samples collected in
the coastal waters off Anvers Island, Antarctic
Peninsula. In addition, we interpreted our data in
light of a companion metaproteomic study conducted
during the summer and winter of 2008 at the same
location near Anvers Island. This area is experiencing
rapid regional warming (Vaughan et al., 2003) and
recently was shown to have reduced levels in summer
primary productivity due to decreases in winter sea-
ice cover (Montes-Hugo et al., 2009).

Materials and methods

Sample collection
Seawater samples were collected from coastal sur-
face waters at Palmer Station, on the west coast of

the Antarctic Peninsula. The winter metagenomic
library was created from the microorganisms in the
1.6–0.2 mm seawater fraction (50 l) collected on 20
August 2002 in the nearshore surface waters of
Arthur Harbor, Anvers Island (� 641 46.433 S, � 641
03.269 W). Samples were collected directly from the
station’s seawater intake at 6 m depth 16 m from the
shore (water column is 7 m). The summer metage-
nomic library was created from the microorganisms
in the 1.6–0.2mm seawater fraction (100 l) collected
on 28 February 2006 about 500 m offshore (� 641
47.009 S, � 641 04.656 W, 10 m depth, near LTER
Station B, accessed by Zodiac). Summer sampling
was accomplished using a submersible pump
system and acid washed silicone tubing. In both
cases, a GF/A Whatman filter (Millipore, Billerica,
MA, USA) was used to screen larger organisms and
the picoplankton were collected onto a 0.2 mm
Sterivex (Millipore) filter. The summer sample was
processed initially using a Pellicon tangential flow
filtration system (50 KD cassettes) for rapid concen-
tration of theo1.6 mm fraction, and then the40.2 mm
fraction was collected on Sterivex filters.

Physiochemical data accompanying bacterio-
plankton sample from winter 2002 only included
temperature and chlorophyll a due to limited sam-
pling capabilities (seawater temperature, � 1.73 1C
and chlorophyll a concentration, 0.073 mg l� 1).
Associated data for the summer 2006 sample sea-
water physical, chemical and biological properties
were determined using standard LTER methods
(http://pal.lternet.edu/publications/ documents/
protocols/) and include the following: seawater
temperature, 2.2 1C; salinity, 33.38 PSU; nutrient
concentrations PO4

� 2, 1.02 mM; Si(OH)4, 64.66 mM,
and NO2

� þNO3
� , 14.93 mM; dissolved organic

carbon: 48.70 mM; bacterioplankton cell abundance,
1.02 106cells ml� 1; leucine incorporation rate,
112 pM hr�1; thymidine incorporation rate,
4.6 pMh� 1; chlorophyll a concentration, 3.0 mg l� 1;
and primary production of 35.8 mg C m� 3 d� 1.

Nucleic acid preparation
DNA for the fosmid libraries and SSU rRNA libraries
was prepared according to instructions from the
Joint Genome Institute (JGI; http://www.jgi.doe.gov/
sequencing/protocols/prots_production.html). Briefly,
high-molecular-weight DNA was extracted from
Sterivex filters using a sucrose buffer, phenol/
chloroform extraction following Massana et al.
(1997). High-molecular-weight DNA was treated
with RNase, verified by gel electrophoresis and sent
to the JGI for fosmid library preparation and
sequencing.

SSU rRNA gene libraries and analysis
Bacterial and archaeal SSU rRNA gene clone
libraries were prepared following a JGI protocol
(http://my.jgi.doe.gov/general/protocols/SOP_16S
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18S_rRNA_PCR_Library_Creation.pdf) from the same
high-molecular-weight DNAs that the metagenomic
libraries were prepared. Clone sequences were
assembled, aligned against the Greengenes database
(DeSantis et al., 2006) and chimeras were identified
using Mallard (Ashelford et al., 2006) and removed
from the data set. Sequences in the larger of the two
libraries (summer, 656) were resampled to the size of
the smaller library (winter, 411) using a daisychop-
per (Gilbert et al., 2009). Diversity statistics for the
two bacterial libraries and single winter archaeal
library were generated using Mothur (Schloss et al.,
2009). SSU rRNA gene sequences were deposited in
GenBank and have accession numbers GU234182-
GU235864.

Phylogenetic analysis
Neighboring ribosomal RNA gene sequences were
identified and aligned using the nearest alignment
space termination alignment tool (DeSantis et al.,
2006). The evolutionary history of nearly full-length
SSU rRNA gene sequences was inferred using
neighbor-joining (complete deletion for the bacterial
analysis and pairwise deletion for the archaeal
analysis) in MEGA4 (Tamura et al., 2007). The
bootstrap consensus trees inferred from 1000 repli-
cates are shown. Evolutionary distances were com-
puted using the Maximum Composite Likelihood
method (Tamura et al., 2004) and are in units of the
number of base substitutions per site. There were a
total of 1075 positions in the final bacterial data set
and 1474 positions in the archaeal data set.

Amino acid alignments for ribulose bisphosphate
carboxylase/oxygenase (RuBisCO) sequences identi-
fied in the metagenome and neighboring sequences
identified with BLASTP were created in ClustalX
(Larkin et al., 2007). The evolutionary history was
inferred using the Minimum Evolution method and a
bootstrap consensus tree inferred from 1000 replicate
trees generated using a neighbor-joining algorithm is
shown. The analysis was based on 474 aligned
positions. The analysis was conducted in MEGA4.

Sequence annotation
Fosmid end sequences and fosmids selected for
complete sequencing (288 in total) were assembled,
annotated and managed through the Integrated
Microbial Genomes-Metagenome (IMG-M) database
(Markowitz et al., 2008) at the Joint Genome Institute
(JGI). The fosmid end-sequence component of this
Whole Genome Shotgun project has been deposited at
DDBJ/EMBL/GenBank under the accession IDs
ADIF00000000 and ADKQ00000000. The versions
described in this paper are the first versions,
ADIF01000000 and ADKQ01000000. The IMG-M
Taxon Object IDs for these two data sets are
2008193000 and 2008193001, respectively. In addi-
tion, IMG-M Taxon Object IDs for the fully sequenced
fosmids are 2040502004, 2040502005, 2077657013

and 2077657020. The fosmid sequences selected for
complete sequencing were used only in genome
alignments and 3-hydroxypropionate/4-hydroxy-
butyrate pathway reconstruction, as their inclusion
in comparative genomic analysis would have been
highly biased. Custom analyses are detailed below.

MEGAN analysis
Winter Environmental Genome (WEG) and Summer
Environmental Genome (SEG) end-sequences were
analyzed and normalized using the software MEGAN
according to the recommendations of the authors
(Huson et al., 2007) after BlastX analyses run against
the July 2011 non redundant and taxonomy database
from the National Center for Biotechnology Informa-
tion. The least common ancestor assignment algo-
rithm had parameters: min support¼ 5; min
score¼ 35; top percent¼ 10 and win score¼ 0.

Genome alignments
Nucleotide sequences from winter (including
sequences from fully sequenced fosmids) were
BLASTn searched against the whole-genome
sequences from Candidatus Ruthia magnifica and
Nitrosopumilus maritimus. Matches with e values
less than 10�10 were plotted on the circle graph
using the software CIRCOS (Krzywinski et al., 2009).

COG analysis
To account for the different sizes of the winter and
summer end-sequence data sets, clusters of ortholo-
gous groups (COG) distributions were randomly re-
sampled 100 times to estimate variance and a
Student’s two tailed t-test was used to test for
significance for each category. Specific COG dis-
tributions also were quantified from the boot
strapped data. Here, counts with s.d. from the
bootstraps are reported. COG data for the end-
sequence data sets were also compared using
STAMP (Parks and Beiko, 2010).

Metagenome size estimation
Metagenome size estimation for the two end-
sequence libraries was calculated using the GAAS
software package according to the recommendations
of the authors (Angly et al., 2009).

Carbon fixation estimates
Estimates of potential chemolithoautotrophic carbon
fixation of 0.05 Gt of carbon were based on autro-
trophic half reactions for ammonia and nitrite oxida-
tion and on an assumption that 85% of the electrons
went to cellular energetics and 15% went to growth.
The final reaction normalized to one mole of NH4

þ :
NH4

þ þ 1.8000 NO2
� þ 2.3300 O2þ 0.3300 CO2þ

0.0825 HCO3
� ¼ 2.7500 NO3

� þ 0.8500 H2Oþ 0.0825
C5H7O2Nþ 1.8100 Hþ
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The calculations further assume a Southern Ocean
area of 2013 m2, a depth of 100 m and a NH4

þ

utilization rate (for autotrophy) of 0.1 mmol m� 3.

Results and discussion

Phylogenetic differences between winter and summer
bacterioplankton SSU rRNA clone libraries
The SSU rRNA gene sequence analysis indicated
that planktonic bacterial richness was significantly
greater in winter than summer (301 and 183
operational taxonomic units, respectively; Supple-
mentary Figure S1; Supplementary Table S1). This
phylogenetic diversity is represented in neighbor-
joining trees of bacteria (Figure 1) and archaea
(Figure 2). Coverage of diversity was nearly saturat-
ing in the summer library (Supplementary Figure
S1b), and only 10% of the operational taxonomic
unit clusters (distance of 0.03; Supplementary Table
S1) overlapped with the winter library. The Sor-
ensen similarity coefficient was 0.72 when commu-
nity structure based on abundance was taken into
consideration, and only 0.18 when just richness was
considered (Supplementary Table S1), a result that
supports earlier SSU clone library analysis (Murray
and Grzymski, 2007). These results are also consis-
tent with a survey of V6 pyrotags from samples
collected in January, July and August, 2002 (10 798
tags per sample; the August sample is the same
sample analyzed in the present study) in which the
similarity (based on abundance) between summer
(January) and winter (both July and August) was
0.41 (Ghiglione and Murray, 2012). Though the
samples used for SSU rRNA gene and fosmid library
sequencing were collected in different years,
multiple surveys over the annual cycle (Murray
et al., 1998; Murray and Grzymski, 2007) strongly
support a reproducible seasonal pattern over the
annual cycle.

Results from the SSU rRNA gene comparative
analysis suggested that SAR11 was the only phylo-
genetic lineage that did not vary seasonally. This
lineage represented B20% of sequences in both
libraries spread over nine, 0.03 distance clusters. A
lack of seasonal patterns in relative abundances in
SAR11, and specifically Ca. Pelagibacter ubique,
was reported in pyrotag surveys in Kerguelen
Islands and the Antarctica Peninsula (Ghiglione and
Murray, 2012), and in a study between winter and
summer bacterioplankton in the Arctic Ocean.
However, studies such as the English Channel
(Gilbert et al., 2011) and Sargasso Sea (Carlson
et al., 2009), where ecotypes in the SAR11 cluster
were more thoroughly studied over the annual
cycle, showed ecotype variation associated with
peaks in winter or following deep-mixing events—
deeper than the surface waters studied here.

A significant component of the winter bacterio-
plankton (19.7% of the winter library compared
with 2.7% of the summer library) were Gamma-

proteobacteria falling into five closely related
0.03 distance bins that were affiliated with the
GSO-EOSA-1 complex (Walsh et al., 2009). This
complex encompasses SUP05 (which includes
sulfur-oxidizing chemolithotrophic symbionts such
as Ca. Ruthia magnifica) and ARCTIC96BD-19
clusters (Figure 1 and Supplementary Figure S1).
Members of these clusters have been reported in an
increasing number of studies in marine habitats
including the Arctic Ocean (ARCTIC96BD-19; Bano
and Hollibaugh, 2002), the Antarctic Peninsula
(Ant10A4, Murray and Grzymski, 2007), seamount
hydrothermal plume waters (SUP05; Sunamura
et al., 2004), Chilean oxygen minimum zone
(Stevens and Ulloa, 2008), Canadian fjords (Walsh
et al., 2009) and mesopelagic ocean (Swan et al.,
2011). These clusters were previously thought to be
favored in hypoxic waters (for example, Walsh et al.,
2009) but are now recognized to be ubiquitous in the
‘dark oxygenated ocean’ (Swan et al., 2011). Our
results suggest they are widely distributed in
Antarctic surface ocean winter waters. Length
heterogeneity-PCR surveys conducted in the Scotia
Sea (June, 2008) and Weddell Sea (March–April,
2009) also suggested sequence fragments matching
Ant10A4 were dominant and ubiquitous represent-
ing B20% of the signal detected (Murray et al.,
2011).

Another hallmark of the winter bacterioplankton
community was the presence of archaea (Figure 2
and Supplementary Figure S1). There were very low
levels of archaea in summer surface waters, as
previously reported (Murray et al., 1998); levels of
PCR-amplified DNA were not detectable and thus
insufficient for SSU rRNA gene library preparation
from the February 2006 sample. The winter archaeal
SSU rRNA gene library was dominated (84%,
Supplementary Figure S1) with sequences closely
related (499% sequence identity) to genomic clone
74A4 (Béja et al., 2002) that also is related to Ca. N.
maritimus, a known chemolithoautotrophic ammo-
nia oxidizer (Francis et al., 2005; Könneke et al.,
2005). Proteins that showed high matches to Ca. N.
maritimus also dominated the winter metaproteome
(30% of identified proteins) but were not detected in
the summer (Williams et al., 2012).

Two other winter-only SSU rRNA gene clus-
ters that also are suspected to have chemolitho-
authotrophic or mixotrophic lifestyles are the
Deltaproteobacteria-affiliated nitrite-oxidizing genus,
Nitrospina (three clusters; Watson and Waterbury,
1971) and the Deltaproteobacteria-affiliated SAR324
cluster (two clusters; Swan et al., 2011). Nitrospina
were detected in numerous SSU rRNA gene-targeted
and genomic studies including waters 200 m and
deeper at the HOT Station (DeLong et al., 2006), in
55 m winter waters in the Arctic Ocean (Alonso-
Sáez et al., 2010) and in Monterey Bay below 80 m
(Suzuki et al., 2004). The distribution of Nitrospina
was correlated with planktonic amoA-containing
Crenarchaeota in Monterey Bay (Mincer et al., 2007)
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Figure 1 Phylogenetic relationships between austral summer and winter SSU rRNA gene sequences. Inferred neighbor-joining tree for
Antarctic bacterial SSU rRNA gene sequences and selected, related marine bacterial and environmental genome-derived SSU rRNA gene
sequences. Sequences were clustered at a distance of 0.03, and clusters with at least three representatives are shown in the consensus tree
(1000 bootstraps). Symbols designate the following groups: filled triangles¼ summer dominated; filled inverted triangles¼winter
dominated; open triangles¼ relatively equal proportions in summer and winter; open squares¼previously reported Antarctic
environmental genome sequences.
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as they did in this study. The ARCTIC96BD-19
cluster (in which the Ant10A4-affiliated sequences
are the dominant member in Antarctic winter
waters) and SAR324 organisms may be mixotrophic,
based on evidence from single-cell genome sequen-
cing (Swan et al., 2011).

The SSU rRNA data showed that the largest
bacterial group in summer (21% compared with
8% of the winter library) was related to uncultivated
gammaproteobacterium Ant4D3 (Grzymski et al.,
2006), a group with the closest cultivated relatives
(Gammaproteobacteria HTCC 2143 and HTCC 2180)
with only 91% sequence identity across the SSU
rRNA gene. Ant4D3 cluster-associated cells were
abundant (10% of total cells, and ½ of the
Gammaproteobacteria) and shown to readily incor-
porate amino acids in combined fluorescent in situ
hybridization-microautoradiography studies in Ant-
arctic Peninsula waters (Straza et al., 2010). The
other highly represented Gammaproteobacteria in the
summer library were affiliated with the Oligotrophic
Marine Gammaproteobacteria (Cho and Giovannoni,
2004) including HTCC 2207 and HTCC 2143, which
both harbor biosynthetic capacity for carotenoids
and proteorhodopsin (Oh et al., 2010). Sequences
affiliated with the psychrophilic, proteorhodopsin-
containing Polaribacter genus (11% of the summer

library) were only detected in summer and poten-
tially could be seeded from melting sea ice. Clusters
affiliated with the globally distributed, and metabo-
lically versatile (demethylation of DMSP, aerobic
anoxygenic photosynthesis, CO metabolism, sulfur
oxidation, and so on) Roseobacter clade, were
dominant in the summer SSU rRNA library, com-
pared with the winter library with the most
abundant representatives falling into the Sulfitobac-
ter (46% of the library; SHTA1006 and SHTA468)
and Loktanella, genera. These organisms often are
found in surface waters, and numerous interactions
with phytoplankton have been reported (Moran
et al., 2007), supporting their quantitative dominance
in the summer bacterioplankton. End-sequences
(discussed below) matching Polaribacter-like func-
tional genes are almost exclusively associated with
summer, and no winter end-sequences matched
Sulfitobacter.

Winter and summer end-sequence library comparisons
We generated a total of 23.3 Mb of end-sequence
data from fosmid libraries prepared from summer
(February, SEG) and winter surface waters (August;
WEG; Supplementary Table S2). BLASTn and
MEGAN were used to characterize the closest

Figure 2 Inferred neighbor-joining tree for Antarctic winter SSU rRNA gene sequences. As in Figure 1, but in this tree all clusters,
including those with a membership of 1, are shown. There were no summer archaeal sequences—archaeal SSU rRNA was not recovered
following PCR amplification.
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phylogenetic match for each end-sequence from the
fosmid libraries (Supplementary Figure S2). There
are more than three times as many genera occurring
predominantly in winter (135) compared with 40
that occur predominantly in summer, according to
phylogenetic assignment of end-sequences. Forty-
three genera were shared between both libraries.
Differences between winter and summer representa-
tion of Gammaproteobacteria genera were evident
(Figure 3a). End sequences associated with 21
genera were unique to winter compared with only
six genera that were unique to summer. End
sequences assigned to the SUP05 cluster bacterium
(Walsh et al., 2009), a putative sulfur oxidizer, are in
the second most abundant lineage following
gammaproteobacterium HTCC 2207 in WEG, with
only very minor read assignment in the SEG. WEG-
only patterns were also prevalent with the other
sulfur-oxidizing genera assigned (Ca. Vesicomyoso-
cius okutanii, Ca. R. magnifica, Endoriftia perse-
phone). Conversely, sequences assigned to marine
gammaproteobacterium HTCC 2143 were over 6�
more represented in SEG than WEG and were the
second most abundant summer Gammaproteobac-
teria genera with assigned reads. As mentioned
above, this isolate has the most closely related SSU
rRNA gene sequence to the abundant, Ant4D3 group
of bacterioplankton in summer. Thus, unlike the
conclusion drawn in Manganelli et al. (2009) for
south Drake Passage—that Gammaproteobacteria do
not dominate in winter—our results of SSU rRNA
and end-sequence analyses suggest that Gammapro-
teobacteria are abundant year-round in this coastal

ecosystem, but the abundances of various genera
shift based presumably on metabolic potential of the
organisms.

Similarly, given their common association with
phytoplankton blooms and high coastal abundances
(Moran et al., 2007), it was reported that Alphapro-
teobacteria dominate the summer community
(Manganelli et al., 2009). Our analyses of end-
sequence data reveal that Alphaproteobacteria are
equally abundant in both libraries, though the
membership changes (Figure 3b and Supplemen-
tary Figure S2). End sequences with high sequence
identity to Ca. P. ubique HTCC1062 were almost
twice as abundant in the SEG as the WEG, while the
strain HTCC 7211 was equally abundant in the
libraries. End sequences affiliated with Octadeca-
bacter antarcticus ranked second among Alphapro-
teobacteria (Figure 3b) and were almost exclusively
found in the summer (12% of the ends assigned
in all of the Alphaproteobacteria). O. antarcticus, a
gas vacuolate bacterium found in Antarctic sea ice
and seawater, has a neighboring species in the
Arctic (Staley and Gosink, 1999) that is prevalent
in Arctic sea ice (Brinkmeyer et al., 2003); the
dominance of O. antarcticus-related sequences in
summer surface waters, like Polaribacter, suggested
that it also could have been seeded from the melting
sea ice.

Though the end sequences are distributed among
more than 17 genera in the Roseobacter clade and
are found in winter and summer, they were more
abundant in the summer library (Figure 3)—a result
that was also found in the SSU rRNA gene sequence

Figure 3 End-sequence reads assigned to specific genera with bacterial genome sequence representation based on the MEGAN analysis.
(a) Reads assigned to Gammaproteobacteria, categorized by genera, from winter and summer end-sequence libraries. These are the genera
based on normalized hits—only those genera that had 420 hits are shown for ease of data presentation. (b) Reads assigned to the
Alphaproteobacteria, categorized by genera and labeled as in (a). Only those with420 hits per genera are shown. Full results for both
proteobacterial classes are found in Supplementrary Figure S6.
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comparisons. The organisms in this clade are
ecologically important in coastal waters, have
versatile metabolic capabilities as mentioned pre-
viously and have close affiliations with phytoplank-
ton (Moran et al., 2007).

The MEGAN analysis also pointed at significant
shifts in the end-sequence bins of Bacteroidetes-
affiliated organisms. In particular, Polaribacter-
related sequences were dominant in summer, while
sequences were spread across numerous genera in
winter. Polaribacter sp. also have gas vacuoles
bacteria and are consistently found as members of
sea-ice communities in both the Antarctic and
Arctic similar to the Octadecabacter spp. (Staley
and Gosink, 1999; Brinkmeyer et al., 2003). The
shifts in Bacteroidetes membership and dominance
of Polaribacter spp. in SEG were consistent with
observations of the SSU rRNA gene analyses
(Supplementary Figure S1a). Polaribacter-related
proteins were also exclusive to the summer meta-
proteome (Williams et al., 2012).

We detected seven orthologs of form I RuBisCO
(six in the WEG and one in the SEG) that were
phylogenetically related to chemolithoautotrophic
sulfur and hydrogen oxidizers (Supplementary
Figure S3). These sequences are similar (average of
92% identity at the amino acid level) to the form IA
RuBisCO sequences reported from mesopelagic
Gammaproteobacteria (Swan et al., 2011). There is
strong support that these organisms are highly
related; sequence identity for the SSU rRNA of
Ant10A4 and SCGC AA007-O20 is 99%; sequence
identity for cbbL is 83% at the nucleotide level and
96% identical at the amino acid level. BLAST was
used to compare the AAA007-O20 AprA (adenylyl
sulfate reductase, alpha subunit) with the WEG and
SEG data sets; five hits (two in the SEG, three in the
WEG) were with amino acid identities B80%,
suggesting the potential for the same capacity in
Antarctic Gammaproteobacteria. In addition, the
Ant10A4 fosmid sequence is highly syntenous with
Monterey Bay BAC clone EBAC080-L31E09.65,
which is part of the same ARCTIC96BD-19 group.
We were unable to link (via contiguous DNA) the
Ant10A4 SSU rRNA gene and the fosmids with the
RuBisCO genes.

We found three other cbbL genes in the WEG that
were related to Betaproteobacteria and Gammapro-
teobacteria ammonium oxidizers. Two form IV
RuBisCO-like genes (one in summer and the other
in winter), which are regarded as non-carboxylating
or oxygenating RuBisCOs (Li et al., 2005), were
detected that are highly related to an ortholog in
Octadecabacter antarctica 307, and several other
Roseobacter clade organisms such as Roseobacter
sp. MED1913. Their function is currently unknown
in these organisms—the enzyme may have enoliza-
tion capabilities (Li et al., 2005)

Evidence for further metabolic complexity in the
WEG (both oxidative and reductive enzymes)
included genes important in sulfur metabolism

such as sulfate permeases, dissimilatory sulfite
reductase, disulfide isomerases and PAPS reductase
(Supplementary Table S3). Nitrate reductase,
nitrite reductase, nitrous oxide reductase and
nitroreductase were also proportionally more abun-
dant in the WEG.

Recruitment of winter chemolithoautotroph
environmental genome sequences
To further investigate the coverage of two organisms
prevalent in the WEG, we used recruitment (Rusch
et al., 2007) and BLASTn analyses of whole fosmids
and fosmid end sequences against genomes from
Ca. R. magnifica and Ca. N. maritimus.

More than half (539/976) of the open reading
frames of the Ca. R. magnifica genome were
recovered from end sequences and fosmid assem-
blies from the WEG at an average read depth of three
(Figure 4a). Genes with a high level of amino acid
identity (455%) include adenylyl-sulfate reductase;
the Sox A, Y and B genes; Dsr C, E, F and H genes
and carbonic anhydrase. In fact, the entire 15-gene
Sox cluster was identified in our data set when
searched against Sox loci from a broader group of
sulfur-oxidizing bacteria and archaea (Ca. Vesico-
myosocius okutanii, Sulfolobus solfataricus,
Rhodopseudomonas palustris, Ca. Ruthia magni-
fica); more than 100 (40.5%) of the winter end
sequences had top hits to one of these Sox genes
(e-valueoe� 10) compared witho0.1% for the SEG.
These results support the suggestion that a common
metabolic strategy including carbon fixation, sulfur
oxidation and possibly mixotrophic growth exists
for the SUP05 (Walsh et al., 2009) and ARC-
TIC96BD-19 clusters (Swan et al., 2011). However,
as the free-living organisms in this group have
evaded cultivation to date, functional predictions
have been limited. The Antarctic bacterioplankton
metaproteome survey conducted in 2008 at the same
location found Ca. R. magnifica-associated proteins
in summer but three times as many in winter (likely
reflecting the relative differences in abundance),
including detection of AprA during both seasons
(Williams et al., submitted).

Nearly half (881/1796) of the Ca. N. maritimus
genome was recovered from end sequences and
fosmid assemblies from the winter library, with an
average read depth of three (Figure 4). In particular,
sequence matches had a high level of identity to the
Ca. N. maritimus genome—more than 100 genes had
full-length matches with 486% nucleotide identity
(average length 1220 bp). Many genes were affiliated
with the 3-hydroxypropionate/4-hydroxybutyrate
(3-HP/4-HB) cycle (Figure 5), and the ammonia
oxidation and associated nitrogen cycling genes
were identified in the WEG (Supplementary
Table 5) through homology matches to Ca. N.
maritimus (Könneke et al., 2005) and Cenarchaeum
symbiosum (Hallam et al., 2006a and b), suggesting
that capabilities existed for nitrification, urease
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utilization and potentially nitrite reduction and
nitrous oxide production in the winter MGI.

The results of a companion metaproteome study
(Williams et al., 2012) augment these findings
particularly with regard to the MGI, due to their
strong dominance in winter waters. In addition to
identifying most of the genes associated with the
3-HP/4-HB pathway, peptide matches to the major-
ity of the proteins in the 3-HP/4-HB pathway were
detected in the winter metaproteome data (high-
lighted in Figure 5) based on homologs of proteins

demonstrated to be involved in this pathway in
Metallosphaera sedula or inferred to be involved in
this pathway in Ca. N. maritimus (Walker et al.,
2010; Williams et al., 2012).

These organisms have a half-saturation constant
(133 nM) and substrate threshold (o10 nM) for
ammonium that make them highly suited to the
physico-chemical conditions that pervade high-
latitude surface waters in winter—low organic
carbon, low heterotrophic bacterioplankton and
low autotrophic phytoplankton concentrations.

Figure 5 Carbon flow for 3-hydroxypropionate/4-hydroxybutyrate cycle inferred for the Ca. N. maritimus-like MGI found in Antarctic
Peninsula coastal waters. For each enzyme, genes detected in the metagenome are indicated with an asterisk, and proteins detected in the
metaproteome are shown in bold with gray background for their respective N. maritimus homologs. Questionable identities for a given
enzyme are shown with a question mark. The two carboxylation reactions are at steps (1) and (7).

Figure 4 Genome alignments of winter end-sequences and whole fosmids to two important chemolithoautotrophic organisms. (a) Circle
plot of the chromosome from Ca. R. magnifica. Outer gray bars are the leading strand coding regions; inner gray bars are the lagging strand
coding regions. Bar graphs (positive leading strand, negative lagging strand) correspond to matches from the WEG with the height
corresponding to read depth (average¼ 3). (b) As in (a), but for the genome of Ca. N. maritimus.
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The high affinity for ammonium by these organisms
(Martens-Habbena et al., 2009) and their consistent
presence in Antarctic winter surface waters (Murray
et al., 1998) suggest a more dynamic carbon and
nitrogen cycle in winter than was previously
thought to exist; this is congruent with a similar
reinterpretation of the mesopelagic ocean (Swan
et al., 2011).

Oligotrophic and copiotrophic signatures in winter and
summer COG distributions
COG category distributions revealed broader func-
tional and genome content differences between
WEG and SEG (Supplementary Table S4 and
Supplementary Figure S4). There were more post-
translational modification, protein turnover and
chaperone genes (COG category O) found in winter
(3.43% vs 2.61%; Po0.001), consistent with obser-
vations that protein damage under stressful condi-
tions may require frequent protein re-folding (Lauro
et al., 2009; Williams et al., 2011). Stress in winter
is likely a combination of lower temperature
(1–2 1C decrease in winter) and oligotrophic condi-
tions (especially with respect to carbon). The WEG
had more cell envelope biogenesis (COG M),
coenzyme metabolism (COG H), energy production
and conversion (COG C) genes than in summer
(Supplementary Table S4). This is consistent with a
more metabolically diverse population. There were
also significantly more translational proteins (COG
category J) in the winter library (5.56% vs 4.62%;
Po0.001)—consistent with a smaller average gen-
ome size for organisms in winter versus summer as
the frequency of these conserved proteins is corre-
lated with genome size (Grzymski et al., 2008). This
was supported using average genome size estima-
tion re-sampling algorithms (Angly et al., 2009). We
calculated the average genome size in winter to be
1.6 Mb (SE¼ 890 Kb) while the average genome size
in summer was 1.9 Mb (SE¼ 1.4 Mb). Three of the
COG class results were confirmed using the analy-
tical package STAMP (COGs O, H, and J; Parks and
Beiko, 2010), which also highlighted specific COG
categories with significant differences between the
two libraries.

Although SSU rRNA and end-sequence libraries
from winter and summer have high proportions of
the oligotrophic SAR11, the SEG has more traits
found in copiotrophic organisms (Lauro et al., 2009)
and in organisms that perform light-harvesting
reactions than the WEG. Pathways such as biosynth-
esis of porphyrin rings—found in bacteriochloro-
phyll and carotenoid biosynthesis, hydrolytic
enzymes (for example, hydrolases and numerous
peptidases), DNA repair associated genes
(Supplementary Figure S4) and genes involved in
iron metabolism (for example, heme utilization) that
reflect access to high energy reduced carbon
and light—were all prominent in summer
(Supplementary Table S3). The presence of pufL
and pufM photosynthetic reaction center subunits

homologous to Roseovarius sp. 217 provided further
evidence for anoxygenic photosynthesis in summer.

The SEG contained numerous phage-encoded
genes (for example, phage terminases and site-
specific recombinases; Supplementary Table S3,
Supplementary Figure S4) implying a more active
role of phage in summer when bacterioplankton
growth rates and biomass were greater, a finding also
reported for the Arctic (Payet and Suttle, 2008) but
contradicted observations of winter viral counts from
the polar front region (Manganelli et al., 2009). There
was 2.2� the frequency of transcriptional regulators
(Po0.001), 2.4� the frequency of FOG:EAL domain
proteins (Po0.001) and a higher frequency of signal
transduction proteins (2.0% vs 1.5% Po0.001; also
supported by STAMP results, Supplementary Figure
S4) in summer compared with winter, findings that
are consistent with copiotrophic cells that undergo
more cellular responses to environmental stimuli
(Lauro et al., 2009).

Genome structure differences between winter and
summer
Smaller genomes also tended to have low GC
content (student’s t-test on marine microbial gen-
omes Po10�6; Firmicutes were an exception, but
they are poorly represented in the Antarctic waters
studied here). Closer inspection of environmental
genome data sets in which the average GC content of
WEG and SEG were similar (43.4% and 41.25%,
respectively) revealed that the GC distribution was
very different, providing additional evidence that
bacterioplankton genomes and hence commu-
nity structure were distinct in each season
(Supplementary Figure S5). The GC distribution
from summer was bi-modal while there was a much
stronger low GC influence in the winter data set
attributable to genomes from Archaea, SAR11 and
Ruthia-related organisms. The SAR11 cluster of
Alphaproteobacteria is the only abundant cluster
during both seasons (20% of the total composition
each; Figure 3). This is consistent with the meta-
proteomic data regarding SAR11, with proteins that
showed the best matches to the SAR11 clade
abundant in both seasons (Williams et al., 2012).
The GC distribution of the libraries also revealed
significant differences in structure between Antarc-
tic environmental genomes and those from lower
latitudes. We found common distribution pattern
averaging, B34% GC for four Global Ocean Survey
surface water data sets (Rusch et al., 2007) that
differed from the Hawaii Ocean Time Series surface
and deep water libraries (50% and 60%, respec-
tively) (DeLong et al., 2006). The Global Ocean
Survey and Hawaii Ocean Time Series patterns were
distinct from the Antarctic libraries (Supplementary
Figure S5; Kolmogorov–Smirnov test Po10� 225).
This finding appears to underscore fundamental
differences between winter and summer Antarctic
environmental genomes and those from mid-latitude
surface and deep oceanic bacterioplankton.
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A new conceptual model of Antarctic Peninsula
surface ocean ecology
Through synthesis of the findings presented here,
we have developed a new conceptual model
of Antarctic Peninsula surface ocean ecology
(Figure 6). This model reflects complexity of the
community and versatile metabolic strategies of
winter bacterioplankton. We divided the assemblage
into three archaeal and bacterial groups: photoheter-
otrophs, chemolithoautotrophs and chemohetero-
trophs. Given very low light levels during winter,
proteorhodopsin-based photoheterotrophy would
not be expected to be fundamental to winter
microbial ecology. Nevertheless, these organi-
sms, especially SAR11, and genes encoding proteor-
hodopsin (Supplementary Table S3) represented a
consistent component in both summer and winter,
as in the Arctic (Cottrell and Kirchman, 2009). The
role of proteorhodopsin in winter is currently
unknown, though expression of this protein was

also detected in the metaproteome in the winter
library (Williams et al., 2012).

Summer bacterioplankton are divided into three
functional groups in our model: (1) photoheterotrophs,
dominated by proteorhodopsin-containing SAR11,
SAR92 (for example, HTCC 2207 and HTCC 2143)
and Flavobacteria related to Polaribacter irgensii;
(2) aerobic, anoxygenic photosynthetic Rhodobacterales
and some Gammaproteobacteria; and (3) a diverse
group of putative heterotrophic bacteria that includes
members of the Roseobacter clade, Gammaproteobac-
teria related to Shewanella, Vibrio and Oceanospirillum
genera and an abundant cluster of Gammaproteobac-
teria related to the genome fragment Ant4D3, which is
also numerically important in this region and actively
incorporates amino acids (Straza et al., 2010). Given the
complexities and diversity of genes from metabolic
pathways but the lack of experimental data on these
largely, uncultivated organisms, it is likely that organ-
isms can fall into multiple functional groups.

Figure 6 Schematic comparison of summer and winter surface water food webs from the Antarctic Peninsula region with emphasis on
bacterioplankton-driven processes. (a) Summer bacterioplankton-driven processes based on analysis of SSU rRNA gene sequences, end-
sequence gene content and metaproteome data. Trophic levels of phytoplankton, krill and higher levels are inserted for reference as they
are a major component of surface water summer activity. The major groups of bacterioplankton are photoheterotrophs, anoxygenic
photosynthetic Roseobacter and heterotrophic bacteria. Basic chemical, physical and biological properties also are shown and represent
the range of data in summer (Materials and methods). (b) As in (a), but for winter bacterioplankton-driven processes. The dominant
groups shift significantly and are comprised of chemolithoautotrophic bacteria and archaea, organisms that have photoheterotrophic
capabilities and heterotrophic bacteria. Chemical, physical and biological properties are shown and represent the range of data in winter
(Materials and methods).
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We found a winter signal consistent with bacterial
and archaeal chemolithoautotrophy in the GC spe-
cific BLAST results, SSU rRNA gene libraries and
genome recruitment to Ca. N. maritimus and Ca. R.
magnifica—recovering about 50% of the genome of
each. The environmental genome also contained
genes for multiple means of carbon fixation and
sulfur and nitrogen transformations—not all of which
can be annotated at present. For example, a small
group of chemolithoautotrophic bacterial nitrite
oxidizer SSU rRNA genes related to Nitrospina sp.
and exclusive to winter was detected, but our ability
to identify Nitrospina-affiliated end-sequences was
limited due to lack of related sequenced genomes. A
diverse community of photoheterotrophic and che-
moheterotrophic bacteria was also present in the
surface waters that included SAR11, Roseobacter and
the Gammaproteobacteria related to Ant4D3, in
addition to a large number of rare organisms.

Winter chemolithoautotrophy also could be an
important biogeochemical process in high-latitude
environments as is now becoming recognized in the
mesopelagic zone (Herndl et al., 2005; Swan et al.,
2011), and was recently suggested in Drake Passage
(Manganelli et al., 2009). The SSU rRNA analysis of
known or putative chemolithoautotrophs suggests that
between 18 and 37% of the community has the
potential for chemolithoautotrophy compared with
only 1% in summer. If we make the broad assumption
that standing stocks of ammonia-oxidizing archaea and
nitrite oxidizers are B0.5� 105 cells ml�1 each (cf.
Murray et al., 1998) and NH4

þ utilization for auto-
trophy is B0.1 mMol m� 3, CO2 fixation in the South-
ern Ocean (South of 601S) could exceed 0.05 Gt of
carbon in the upper 100 m of the winter water column.
This estimate is nearly identical to bacterial chemo-
lithoautotrophic productivity estimated by Manganelli
et al. (2009) using carbon production measurements
(and an assumption that between 10 and 20% come
from chemolithoautotrophs). Export production esti-
mates in the Southern Ocean from temperature and net
photosynthesis models are estimated at only 0.6–1.3 Gt
C per year (Laws et al., 2000).

Resolving the biogeochemical impacts of even
moderate winter bacterial and archaeal primary
production is vital to better parameterizing ocean-
scale models of carbon and nitrogen. Winter nitrifi-
cation extending across the Southern Ocean and
from surface to mesopelagic waters (Swan et al.,
2011) likely will have an impact on the ratio of
available N:P in surface waters. These observations
could explain the excess N (N*) seen in the Southern
Ocean (Deutsch et al., 2007) and help rectify discre-
pancies in surface ocean N budgets given measure-
ments of nitrogen fixation and denitrification.

Conclusion

We found that the most noteworthy change in the
bacterioplankton community in nearshore surface

waters of the Antarctic Peninsula was the presence
of chemolithoautotrophic organisms in winter and
their virtual absence in summer when incident solar
irradiance is at a maximum and primary productiv-
ity is high. This distinction significantly differenti-
ates the central metabolisms between the two
seasons as metabolism shifts from a (CH2O)n/O2

redox couple to one where CO2 fixation is coupled
to oxidation of NH4

þ to NO2
� followed by subsequent

oxidation of NO2
� to NO3

� is energetically favorable.
Seasonal differences are likely to be even greater in
Southern Ocean waters at higher latitudes than our
study site at 641 South. The winter bacterioplankton
community, once thought to be merely a subset of
the summer population in starvation/survival mode
(c.f. Kottmeier and Sullivan, 1987; Karl, 1993), was
more phylogenetically and functionally diverse
than the community that thrives during summer
(Figures 1 and 4, and Supplementary Figure 1). Our
results contribute to a new realization of the shifts
that occur in the microbial community each year as
the physical/chemical environment changes. This
new understanding requires further study, espe-
cially given rapid reductions in sea-ice cover and
climate occurring at high latitudes (Stammerjohn
et al., 2008). The boom or bust interpretation of
high-latitude microbial ecology is in need of
revision.
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