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The ubiquitous SAR11 bacterial clade is the most abundant type of organism in the world’s oceans,
but the reasons for its success are not fully elucidated. We analysed 128 surface marine
metagenomes, including 37 new Antarctic metagenomes. The large size of the data set enabled
internal transcribed spacer (ITS) regions to be obtained from the Southern polar region, enabling
the first global characterization of the distribution of SAR11, from waters spanning temperatures
� 2 to 301C. Our data show a stable co-occurrence of phylotypes within both ‘tropical’ (4201C) and
‘polar’ (o101C) biomes, highlighting ecological niche differentiation between major SAR11
subgroups. All phylotypes display transitions in abundance that are strongly correlated with
temperature and latitude. By assembling SAR11 genomes from Antarctic metagenome data, we
identified specific genes, biases in gene functions and signatures of positive selection in the genomes
of the polar SAR11—genomic signatures of adaptive radiation. Our data demonstrate the importance
of adaptive radiation in the organism’s ability to proliferate throughout the world’s oceans, and
describe genomic traits characteristic of different phylotypes in specific marine biomes.
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Introduction

An ultimate goal in ecology is to elucidate the distribution of
taxa with respect to measureable environmental parameters.
However, due to the dynamic nature of marine systems, and
the inherent difficulty in examining microbial populations,
global biogeographic patterns of bacterioplankton remain
largely obscure. The distribution of only one marine bacterial
clade, the phototrophic Prochlorococcus, has been defined
(Johnson et al, 2006) to a sufficient extent to permit inclusion
into large-scale oceanographic models (Follows et al, 2007).

Although only discovered in 1990, and cultured in 2002
(Rappe et al, 2002), it has become clear that the bacterial
SAR11 clade is one of the most successful assemblages of
closely related organisms on the planet, being ubiquitous in
marine environments, comprising about a third of the
Bacteria, and dominating the heterotrophic bacterial commu-
nity composition (Morris et al, 2002). Based on analysis of
whole genome sequences, it has been proposed the SAR11
clade comprises sufficient phylogenetic diversity to be
considered a distinct family within the Alphaproteobacteria,

nominated as Pelagibacteraceae, fam. nov. (Thrash et al, 2011),
although the monophyletic and deep phylogenetic placement
of this family has been questioned (Rodrı́guez-Ezpeleta and
Embley, 2012).

This abundance of SAR11 might in part be due to efficient
genome streamlining (Giovannoni et al, 2005), minimizing the
cells’ requirements for nutrients and thus allowing replication
under the most limiting nutrient conditions. Another likely
mechanism driving this organism’s ecological success is the
adaptive divergence of strains into phylotypes specifically
suited to either different oceanographic provinces or lifestyles,
that is, ‘ecotypes’ (Field et al, 1997; Garcia-Martinez and
Rodriguez-Valera, 2000; Brown et al, 2005; Carlson et al,
2009). Across a several year time series in the Sargasso Sea
(surface to 300 m depth), at least three distinct phylogenetic
subgroups have been correlated with seasonal mixing and
stratification, raising questions about functional traits asso-
ciated with ecotype delineations (Carlson et al, 2009). Other
work using internal transcribed spacer (ITS) regions of 16S–
23S rRNA gene sequences has identified seasonal patterns in
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the abundance of phylotypes, as defined by distinct ITS
clusters (Brown et al, 2005). An association between SAR11
ecotype and functional capacity has also been inferred from
whole genome comparisons of isolates (Schwalbach et al,
2010). Recently, the evolutionary loss of the mismatch repair
genes mutLS from SAR11 genomes has been hypothesized as
the reason why the clade supports such extensive sequence
divergence (Viklund et al, 2012).

The various levels of identification (16S rRNA gene, ITS and
whole genome sequences) provide different levels of resolu-
tion, and genomic differences exist below the resolution of the
conserved molecular markers. The first two SAR11 genomes
sequenced, HTCC1062 and HTCC1002, contain only one
nucleotide difference in their 16S rRNA gene sequences but
10 nucleotide differences in their ITS regions, which have a
pairwise similarity of 97.5%. In protein coding regions, the
genomes are 97.4% similar in nucleotide sequence (Wilhelm
et al, 2007). The two genomes differ in length by 12 298
nucleotides with HTCC1002 having a number of gene
insertions in one genome relative to the other that are mostly
present in the hypervariable region HVR2 (Wilhelm et al,
2007).

Until now insufficient data have been available to examine
how phylotypes may be distributed on a global scale or in
relation to environmental parameters. Here, we use 16S rRNA
gene and ITS sequences to define SAR11 phylotypes and their
biogeography, and genomic analysis of representatives of
phylotypes to assess functional differences that may explain

their biogeography. The link between environmental tempera-
ture, latitude and phylotype, and their associated genomic
traits, provides strong evidence that SAR11 phylotypes
represent environmentally selected ecotypes.

Results

Global distribution of SAR11 phylotypes

A synopsis of the phylogenetic hierarchy used in this paper is
provided in Table I. By compiling a database composed of 862
ITS sequences (Supplementary Table S1), originating from
‘polar’ (o101C), ‘temperate’ (between 410 and o201C) and
‘tropical’ (4201C) regions, we identified the abundance of
each of nine pre-defined phylotypes relative to the total
observable SAR11 community structure in 128 surface marine
metagenomes. These included 37 new data sets we generated
from the previously underrepresented Southern Ocean and
Antarctic marine systems (Supplementary Table S2). Com-
bined, these metagenomic data represent surface marine
coastal and open-ocean sites across a global transect from
latitude 451N to 771S and spanning in-situ temperatures from
� 2 to 301C (Supplementary Table S2).

Analysis of the 2983 resultant ITS markers indicates that no
phylotype is abundant everywhere in surface waters
(Figure 1), although our ITS analysis cannot determine if a
low abundance phylotype has a consistent level of abundance
globally. In tropical biomes, representatives from P1a.3

Table I Classification hierarchy of the SAR11 clade based on 16S rRNA gene subgroup and ITS phylotype analysis used in this study

Subgroup
(16S rRNA gene)

Designation
origin

Phylotype
(ITS)

Designation origin Isolate Reference

S1a
100–96.52%

Morris et al (2005) P1a.1
100–98.15%

Garcia-Martinez and Rodriguez-Valera (2000) HTCC1062
HTCC1002
HTCC8010
HTCC8022
HTCC8040

Rappe et al (2002);
Stingl et al (2007)

P1a.2
100–98.88%

Brown and Fuhrman (2005) HTCC8038
HTCC8041
HTCC8045
HTCC8046
HTCC8049

Stingl et al (2007)

P1a.3
100–97.73%

Brown and Fuhrman (2005) HTCC8051
HTCC8047
HTCC7211
HTCC7215
HTCC7216
HTCC7217

Stingl et al (2007)

S1b
100–97.12%

Morris et al (2005) P1b
99.78–97.12%

This study N/A

NA1 This study N/A
NA2 This Study N/A

S2
100–91.98%

Morris et al (2005) P2.1
100–93.41%

Brown and Fuhrman (2005) N/A

P2.2
100–96.49%

Garcia-Martinez and Rodriguez-Valera (2000) N/A

P2.3
100–96.00%

Garcia-Martinez and Rodriguez-Valera (2000) N/A

S3
100–85.44%

Morris et al (2005) P3.1
100–97.55%

This study HIMB114

P3.2
100–97.49%

This study IMCC9063 Oh et al (2011)

Percentages relate to the range of pairwise distances, or phylogenetic diversity captured within each group based on full-length 16S rRNA gene sequences in
Supplementary Figure S1.
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(HTCC7211), P1b and P2.1 were generally present. Although
occurring rarely, P3.1 appeared only in samples from waters
warmer than 20.51C. In cold water samples, P1a.1 (HTCC1002,
HTCC1062) dominated. Although in lower total abundances,
P2.2 was more abundant than P2.1 in waters o51C and P3.2
was present only in waters o18.21C. Although the majority of
polar metagenomic data sets originate from the Antarctic, it
should be noted that 49.7% of the ITS sequences in our
database are from samples taken in the Arctic while only 3%
are derived from Antarctic samples (with the rest from
temperate and tropical regions—Supplementary Table S1).
Thus, by identifying P1a.1 phylotypes in Antarctic waters that
have been defined using Arctic samples, the distribution of
this phylotype can be considered bipolar. Phylotype P2.2
was defined from Antarctic waters (Garcia-Martinez and
Rodriguez-Valera, 2000) but is not represented in Arctic clone
libraries. This phylotype is characteristic of Antarctic water
metagenome data (Figure 1) and also appears in metagenomes
from the English Channel (August 2200 h, 15.81C), Delaware
Bay (GS011, 111C), Newport Harbor (GS008, 9.41C) and Nags
Head (GS013, 9.31C). Its distribution in Arctic waters will
be able to be determined when metagenome data become
available. Temperate waters maintained a more diverse mix of
phylotypes, and are habitat to P1a.2 that often dominates
samples o201C, but represents only 0.2% of all detectable
SAR11 fragments in surface waters below 21C. Overall, the data
show that transition temperatures are evident where major
shifts in phylotype composition occur, indicating that on a
global scale there is a strong relationship between the
distribution of phylotypes of the SAR11 clade and temperature
(Figure 1).

A distance-based linear model (DisTLM) and distance-based
redundancy analysis (dbRDA) method was used to analyse
and model the relationship between the multivariate SAR11
ITS data set (i.e., the relative abundance of each pre-defined
phylotype detected within each metagenomic sample) and
the available predictor variables (Supplementary Table S3)
including latitude, temperature, chlorophyll concentration,
salinity and total depth of the water column (DWC) which
was used as a continuous variable proxy for coastal or open
ocean. We also analysed data sets against longitude but these
results were not significant and were removed from the
model. When all phylotypes were used in the analysis, and
when each environmental variable was considered in isola-
tion, temperature (57.5%) and latitude (57.3%) explained
the greatest proportion of the observed phylotype variability

P1a.1233

P1a.275

G500312
G50206
G50231

G2K240
G50050
G5009

G50091
G2K088

G2K155
G50235
G50107
G50026

HTCC8048
G50175

P1a.386

P1b83

P1b.a30

NA1

NA2

P2.3237

P2.140

P2.2

P3.229

P3.1

0.10

S1a 76

S1b 53

S2 54

S3 31

Rickettsia bellii
0.10

Subgroups

Phylotypes

–5

0

5

10

15

20

25

30

35

0

50

100

–5

0

5

10

15

20

25

30

35

0

50

100

–5

0

5

10

15

20

25

30

35

0

50

100

–5

0

5

10

15

20

25

30

35

0

50

100

P1a

P3

P1b

P2

Figure 1 Phylogeny and temperature association with the biogeographic
distribution of the SAR11 clade. ARB neighbour-joining trees generated by
collapsing significant nodes in trees generated from representative 16S rRNA
gene sequences (subgroups), and ITS sequences (phylotypes). Individual clones
not included in triangulated clusters maintain the conserved motif of P1a.1 but
have several base-pair deletions. These 14 sequences are designated as
belonging to phylotype P1a.1 in our database. Expanded trees are shown in
Supplementary Figure S1. The four lower graphs show relative contributions of
the SAR11 phylotypes (coloured as for the ITS tree) to total SAR11 composition
revealing phylotype distribution that closely relates to temperature. The data bars
are arranged along the x axis according to increasing temperature of the
sampling location for each metagenome (from left to right), with relative phylotype
abundance shown on the left y axis and environmental temperature (indicated by
black diamonds) shown on the right y axis in 1C.
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(Supplementary Table S4). The variability described by DWC
(9.7%), and chlorophyll (13.7%) were both statistically
significant by permutation (P¼ 0.001) while that described
by salinity was not (P¼ 0.089). The BEST solution, where all
possible combinations of predictor variables were assessed to
provide the most parsimonious model, used temperature and
latitude as the first two explanatory variables, followed by
DWC, salinity and chlorophyll. When all variables were used
they accounted for 62.6% of the observed variation. Each
variable was also fitted last in a forward selection model to
specifically determine the extent to which they contributed to
the observed variability once all other factors had been
considered. Temperature, latitude and DWC all displayed
small (B2%) but statistically significant (P¼ 0.001) contribu-
tions. Hence, although temperature and latitude are highly
correlated in the complete data set, they each provide some
extra explanatory power on their own, as does DWC.

dbRDA analysis of ITS phylotype variation showed that
samples originating from polar, temperate and tropical biomes
cluster together, with the majority of ITS phylotypes correlat-
ing strongly with the dbRDA1 axis (Figure 2A and D).
This axis describes 59.6% of the total variation (and 94.8%
of the modelled variation) and is defined primarily by
temperature and latitude. Analysis of similarity (ANOSIM)
confirms these temperature bins as strong (global R for
comparison 4201C/10–201C¼ 0.599, 4201C/o101C¼ 0.946,
10–201C/o101C¼ 0.499) and significant (P¼ 0.0001) descrip-
tive factors.

dbRDA and ANOSIM analyses also revealed a small (global
R¼ 0.154) but statistically significant (P¼ 0.001) separation
between coastal and open-ocean sites (Figure 2B and C).
Correlation of phylotypes with dbRDA2 axis showed that P3.2
and P1a.2 are the major drivers of this separation (Figure 2D).
P3.2 occurred rarely in the data set and 11 of the 13
metagenomes it was identified in were from coastal waters.
When considering only the relative abundances of three P1a
phylotypes, DistLM again identified latitude and temperature
as the greatest explanatory variables (Supplementary Table
S4) and ANOSIM results comparing temperature bins (global
R4201C/10–201C¼ 0.642, 4201C/o101C¼ 0.957, 10–201C/
o101C¼ 0.498, all P¼ 0.001) were stronger than comparing
coastal versus open ocean (global R¼ 0.176, P¼ 0.001).

To reduce the influence of temperature, the tropical
(4201C), temperate (10–201C) and polar (o101C) metagen-
omes were segregated and each of the three subsets examined.
In the tropical subset where P1a.3 (HTCC7211) dominates,
there was no significant difference in its relative contribution
to the SAR11 community in coastal (n¼ 16) versus open-ocean
(n¼ 32) sites (ANOSIM global R¼ 0.072, P¼ 0.1). Similarly, in
the polar subset, no significant difference was observed in the
distribution of P1a phylotypes, including P1a.1 (HTCC1062)
between coastal (n¼ 34) versus open-ocean (n¼ 12) samples
(ANOSIM global R¼ 0.113, P¼ 0.113). In both instances,
chlorophyll concentration had no significant correlation with
distributions (DistLM marginal test tropical P¼ 0.687, polar
P¼ 0.242). Therefore, in the tropical and polar subsets,
regardless of the coastal or open-ocean environment or
chlorophyll levels, there was no significant response observed
in the relative abundance of P1a phylotypes. Where a
significant difference did occur between coastal (n¼ 24) and

open-ocean (n¼ 9) sites was in the temperate subset (ANOSIM
global R¼ 0.296, P¼ 0.002), although again no relationship
with chlorophyll concentrations was observed using DistLM
(P¼ 0.4). Simper analysis of the temperate subset, which
determines the relative over or under representation of
phylotypes in tested samples, identified P1a.1 (HTCC1062)
and P1a.2 as occurring preferentially in coastal samples, with
P1a.3 (HTCC7211) overrepresented in open-ocean samples,
similar to previous findings (Schwalbach et al, 2010).

As a further test of biogeography, we used non-metric
multidimensional scaling (nMDS) analysis (which clusters
samples based solely on phylotype composition without
taking into account environmental parameters) to visualize
clusters of samples containing highly similar SAR11 phylotype
compositions (Figure 2E). We identified eight clusters that
were defined by 460% similarity (Bray-Curtis) between
samples (green rings in Figure 2E). The geographic location
of samples within each cluster (Figure 2E) was marked on a
global map using the same colour for members of the same
cluster (Figure 2F). The three major clusters (87% of the
samples) again represent tropical (red triangles), temperate
(light blue squares) and polar (blue diamonds) biomes. Minor
clusters involved samples from similar types of environments,
such as Chesapeake Bay (GS012), Delaware Bay (GS011) and
nearby Nags Head (GS013) (Figure 2, fuschia dots). These
locations contain a diverse mix of phylotypes including P3.2,
P1a.1 (GS012, GS013 only), P1a.2, P1a.3, P2.1 (GS011, GS012
only) and P2.2 (GS011 only). Alternately, minor clusters
involved samples from geographically disparate locations,
such as Botany Bay (Australia), Western Channel Observatory
(UK) and Monterey Bay (USA) (Figure 2, green triangles).

Genomic signatures of adaptive radiation

Ace Lake, Antarctica was formerly a marine inlet and has
remnant marine microbiota (Lauro et al, 2011). From
metagenome data of Ace Lake, mosaic SAR11 genomes were
assembled for the widespread P1a.1 phylotype (ACE_P1a.1),
and the largely uncharacterized P3.2 phylotype (ACE_P3.2).
ACE_P1a.1 has equivalent genome length and average
nucleotide identity (ANI) of 83.27% and percentage conserved
DNA (PCD) of 6.16% (Figure 3; Goris et al, 2007) when
compared with HTCC1062 (Giovannoni et al, 2005) and ANI of
76.12% and PCD of 0.41% when compared with HTCC7211.
The length of the ACE_P3.2 and HIMB114 genomes was also
equivalent (Figure 3) with ANI of 69.53% and PCD of 0.257%.
The ANI and PCD values for ACE_P1a.1 compared with
HTCC1062 are similar to that determined for Shewanella
species, all of which had 470% ANI and 494% 16S rRNA
gene sequence identity (Goris et al, 2007). The ANI and PCD
values for ACE_P1a.1 compared with HTCC7211, and
ACE_P3.2 compared with HIMB114 are similar to the values
calculated for Pseudomonas species, which had PCD values
ranging from 13.1 to 0.0001% (Goris et al, 2007). The Arctic
strain, IMCC9063 (Oh et al, 2011) also has equivalent genome
length, and has an ANI with ACE_P3.2 of 94.17% and PCD of
74.05% which would be considered similar to a DNA-DNA
hybridization of B70% (Goris et al, 2007). Taken together,
these results support a strong correlation between ITS identity
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and genome similarity and are also consistent with the
extensive sequence divergence recently reported for members
of the SAR11 clade (Viklund et al, 2012).

Using these Antarctic genomes as polar representatives,
and HTCC7211 (P1a.3) and HIMB114 (P3.1) as tropical
representatives, a high stringency BLAST search (1e� 10;
min identity 92%) was performed against global ocean
sampling expedition (GS; Rusch et al, 2007) data sets
representing the three biomes (polar, temperate and tropical)

(Figure 3). The proportion of the normalized reads from the
polar metagenomes that recruited to each genome representa-
tive was 60% for ACE_P3.2 versus 40% for HIMB114, and 65%
for ACE_P1a.1 versus 35% for HTCC7211. The proportion of
the normalized reads from the tropical metagenomes that
recruited to each genome representative was 44% for
ACE_P3.2 versus 56% for HIMB114, and 45% for ACE_P1a.1
versus 55% for HTCC7211. Similar trends were observed
for temperate metagenome data (data not shown). All
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polar versus tropical/temperate differences were statistically
significant (two-tailed t-test Po0.005).

The genome synteny comparisons revealed that low synteny
coincided with regions of low genome recruitment (Figure 3,
examples are shown with black arrows). These regions were
flanked by spikes of very high recruitment coverage and may
represent sequences functioning as recombination hotspots
within the genomes of members of the SAR11 clade.

A comparison of the gene content of the genomes of polar
and tropical representatives revealed a set of genes specific
to the polar representatives (ACE_P1a.1 versus HTCC7211, 344
genome-specific genes; ACE_P3.2 versus HIMB114, 444
genome-specific genes) which were overrepresented in COG
(Cluster of Orthologous Groups of proteins) categories M (Cell
wall/membrane/envelope biogenesis) and P (Inorganic ion
transport and metabolism) (Figure 4; Supplementary Table
S5). In addition, a large number of the polar-specific genes
were hypothetical and are indicative of unknown mechanisms
of niche adaptation. Many of the genes specific to each
phylotype are diagnostic for the distribution of the host strains.
A tblastn search for the phylotype-specific proteins in all the
metagenomes in CAMERA (Sun et al, 2011) revealed a
statistically significant (99% confidence) higher proportion
of polar-specific genes within polar metagenomes (487% of
the hits for ACE_P1a.1) and tropical-specific genes within
temperate and tropical metagenomes (460% of the hits for
HTCC7211; Supplementary Figure S2).

Both the polar genomes also contained an overrepresenta-
tion of paralogous genes in COG category C (Energy produc-
tion and conversion), which are mainly due to membrane-
bound respiratory chain proteins (Figure 4; Supplementary
Table S4). Overrepresentation in both the polar genomes is
suggestive of adaptive changes in energy generation specific
for low temperature environments.

Signatures of positive selection were detected in the two
polar genomes compared with their most closely related
tropical counterparts. Between ACE_P3.2 and HIMB114 the
genes under selection were overrepresented in COG categories
G (Carbohydrate transport and metabolism) and M (Cell wall/
membrane/envelope biogenesis), and for ACE_P1a.1 versus
HTCC7211, COG categories M (Cell wall/membrane/envelope
biogenesis) and H (Coenzyme transport and metabolism) were
overrepresented (Figure 4; Supplementary Table S4).

A number of other orthologous genes (e.g., cell division
proteins ftsZ, lipid A biosynthesis lauroyl/palmitoleoyl acyl-
transferase) were also under positive selection in the polar
representatives (Figure 5A–D). The C-terminal domain of FtsZ
had signatures of positive selection. Lauroyl/palmitoleoyl
acyltransferase (Lpx) catalyses an essential step in the
synthesis of lipid A of lipopolysaccharide (LPS) and is
therefore involved in maintaining the function and stability
of the outer membrane. In E. coli, two different orthologues
of this gene are present. The lpxL (htrB) gene is expressed
at high temperature and lpxP at low temperature

HIMB114 (P3.1)

ACE_3.2 (P3.2)

HTCC1062 (P1a.1) 

HTCC7211 (P1a.3)

ACE_P1a.1 (P1a.1)

Figure 3 Genome synteny and recruitment plots of SAR11 genomes. Whole genome alignments between genomes belonging to different SAR11 phylotypes:
HIMB114 (P3.1), ACE_P3.2 (P3.2), HTCC1062 (P1a.1), ACE_P1a.1 (P1a.1) and HTCC7211 (P1a.3). In the synteny plots matches to the þ strand (i.e., þ /þ ) are in
red, and matches to the � strand (i.e., þ /� ) in blue. blastn (run with standard parameters and the -m8 flag) matches of at least 30 nucleotides or longer are displayed.
Interleaved among the synteny plots are the recruitments, with read-depth shown on a natural logarithmic scale, for each genome against representative metagenomes
from Ace Lake (GS232, grey), polar (GS362, purple), temperate (GS368, orange) and tropical (S_35155þ S_35163, red) zones. The recruitment appears mainly
orange in colour for HIMB114 (P3.1) and HTCC7211 (P1a.3) because these genomes recruit more strongly to the temperate metagenomes, whereas the recruitment for
ACE_P3.2 (P3.2) and ACE_P1a.1 (P1a.1) is mainly grey reflecting their origin and high numerical abundance in Ace lake. Black arrows show examples of regions with
low recruitment.
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(Carty et al, 1999), and they function to incorporate laureate or
the monounsaturated palmitoleate into lipid A, respectively.
The functionally relevant sequence differences between LpxL
and LpxP are located in the N-terminal portion, which is the
region under selection between the tropical and polar SAR11
phylotypes.

Finally, the P3.2 Antarctic and Arctic genomes were
strikingly similar to each other (Figure 5E) and the trends
observed for ACE_P3.2 in gene content (312 genome-specific
genes in IMCC9063), paralagous genes and positive selection
were mirrored in IMCC9063 (Supplementary Table S4). Genes
of particular note that were under positive selection in both
ACE_P3.2 and IMCC9063 included peptidyl-prolyl-cis/trans-
isomerase, and proteins involved in LPS biosynthesis, cell
division and replication; all functions that could be linked to
cold adaptation.

Discussion

Temperature-related phylogenetic and functional
characteristics of SAR11 phylotypes

Our data identify that temperature and/or latitude have a
highly significant role in shaping the community composition

of SAR11 phylotypes over a global scale in both coastal and
open-ocean surface waters. These two variables alone provide
strong (460%) and statistically significant explanatory
power. The co-occurrence of different phylotypes from
subgroups S1 and S2 in tropical (P1a.3 and P2.1), bipolar
(P1a.1) and Antarctic (P2.2) waters (Figure 1) indicates that
these subgroups have undergone adaptive radiation generat-
ing phylotypes that have distinct temperature preferences. At
the same time, the co-existence of phylotypes from different
subgroups in tropical and in polar waters indicates that these
phylotypes compete effectively with each other in the same
temperature environment. By being linked to ecological niche
specialization (Carlson et al, 2009), these phylotypes effec-
tively describe SAR11 ecotypes. Similarly, P1b and P3.1 also
represent ecotypes preferentially adapted to co-existence with
other SAR11 members in tropical waters, with P3.2 preferring
polar waters. Overall, these phylotype distribution patterns
indicate adaptive radiation has played an important role in the
successful proliferation of SAR11 throughout the world’s
ocean.

In addition to the distribution of ITS sequences being
strongly correlated with environmental factors, several other
factors are indicative of the phylotypes being ecotypes. A
cultured representative of the P1a.3 phylotype, HTCC7211,

* *
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*

*

*

*

*
*

*

*
*

ACE_P1a.1 ACE_P3.2

Paralogous

Genome specific

Positive selection

Figure 4 COG composition of genes specific, paralogous and positively selected in the polar SAR11 genomes. The pie chart represents the proportion of genes with
(blue) or without (red) matches to the COG database. The matching genes were assigned to COG categories (from top to bottom): E—Amino-acid transport and
metabolism (maroon); G—Carbohydrate transport and metabolism (green); M—Cell wall/membrane/envelope biogenesis (orange); H—Coenzyme transport and
metabolism (violet); V—Defense mechanism (yellow); C—Energy production and conversion (dark blue); S—Function unknown (light green-grey); R—General function
prediction only (dark purple); P—Inorganic ion transport and metabolism (light blue); K—Transcription (pink); J—Translation, ribosomal structure and biogenesis
(salmon); Q—Secondary metabolites biosynthesis, transport and catabolism (light blue-grey); Other categories (light brown). An asterisk denotes the categories found to
be statistically overrepresented when compared with the genome background.

Global biogeography of SAR11
MV Brown et al

& 2012 EMBO and Macmillan Publishers Limited Molecular Systems Biology 2012 7



which we detected primarily in tropical waters, displays a
higher optimum growth temperature than representatives of
the P1a.1 phylotype (HTCC1062, HTCC1002) (Wilhelm et al,
2007), which we determined dominates polar waters.

Importantly, the distinctiveness of the representative polar
genomes to comparative tropical genomes provides genome-
scale evidence for a strong latitudinal distribution of specific
SAR11 phylotypes. Polar-specific genes may have been
acquired or retained during the evolution of the polar strains
or lost by the tropical strains. They included glycosyl-
transferases and glycosyl synthetases involved in the synthesis
of the cell wall; proteins that have previously been linked to

cold adaptation in bacteria (Lauro et al, 2008) and archaea
(Allen et al, 2009; Williams et al, 2010) due to the roles they
have in modifying cell wall structure and integrity. These
genes were also under positive selection (Supplementary Table
S4). The positive selection in transporters, and representation
of transporters in the polar-specific gene set may reflect
adaptations to overcome the general inhibitory effect of low
temperature on substrate transport systems (Wiebe et al,
1992), including protein structural changes to accommodate
alterations in membrane fluidity. For example, a putative outer
membrane porin displayed high dN/dS ratios both in
transmembrane domains and in the N-terminal domain
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(Figure 5A and B) which provides ion-selectivity (Benz et al,
1989). The functional differences in Lpx may also relate to
polar phylotypes producing unsaturated lipid A for growth at
low temperature (Figure 5D). Similarly, for FtsZ (Figure 5C)
the protein domain under positive selection has previously
been shown to be essential for GTPase activity and ring
assembly in E. coli by providing water polarizing residues
during the protofilament formation during cell division (Oliva
et al, 2004); an activity that is likely to be impaired at low
temperature.

The similarity of the genes under positive selection between
ACE_P3.2 and IMCC9063 further establish the overall distinc-
tiveness of the genomes of representatives of the polar versus
tropical biomes. In this regard, it is noteworthy that many of
the geo-physico-chemico-properties of the aquatic systems
where the two strains are from are very different: ACE_P3.2,
Ace Lake, Antarctica, 681S, 5000-year-old meromictic system
with essentially no exogenous nutrient input, surface water
low salinity (2%) with mineral concentrations several fold
higher (e.g., copper 30-fold) or lower (e.g., calcium 3-fold)
than seawater (Rankin et al, 1999; Lauro et al, 2011);
IMCC9063, Dasan Korean Arctic Station, Norway, 791N,
oceanic coastal surface waters (Oh et al, 2011). Given these
types of differences for organisms that are poles apart, the
extent of genome similarity is striking.

Other effectors of SAR11 biogeography

Beyond temperature and latitude per se, many other factors are
likely to influence the abundance of members of the SAR11
clade at a local level. Particularly in temperate and coastal
zones the physical interactions of convergent water bodies
with different histories, including rivers, may have a role in
determining the final SAR11 community composition. Both
Chesapeake (GS012) and Delaware (GS011) bays have very
complex local hydrographic regimes with relatively extreme
local variations in temperature and salinity, as well as large
seasonal fluctuations (e.g., Shiah and Ducklow, 1994).
Previous work in Chesapeake Bay has highlighted the presence
of P1a.1, P1a.2 and P3.2 phylotypes (Kan et al, 2008). We
identified these marine phylotypes, as well as P2.2, in GS012,
GS011 and GS013.

Several time series analyses have also shown that the SAR11
clade as a whole (Carlson et al, 2009; Eiler et al, 2009; Gilbert
et al, 2012), and the composition of subgroups (Brown et al,
2005; Carlson et al, 2009), varies in relative abundance in
association with physical parameters (e.g., convective over-
turning—Morris et al, 2005; Carlson et al, 2009), environ-
mental parameters (Brown et al, 2005; Carlson et al, 2009;
Eiler et al, 2009; Gilbert et al, 2012), and with basin scale
climatic events (Eiler et al, 2009). Despite methodological
differences for studying SAR11 community composition, our
data are concordant with many findings from these studies. Of
note, at the Bermuda Atlantic Time Series (BATS) in the
Sargasso Sea, pronounced vertical and seasonal patterns were
observed in the distributions of three SAR11 subgroups: S1a,
S1b and S2 (Carlson et al, 2009). S1a became more abundant
than S1b in the surface waters (integrated 40 m depth) 2
months after convective overturning events, and remained

more abundant during the highly oligotrophic and high UV
summer period. Our analysis shows P1a.3 is the dominant
phylotype within the S1a subgroup in samples taken across a
wide range of warm oligotrophic waters (Figure 1) indicating
P1a.3 is likely the organism observed by Carlson et al (2009)
and other studies (Wilhelm et al, 2007). Of further relevance,
during periods of winter mixing at BATS (early January and
late February), the S1b subgroup was most abundant (Carlson
et al, 2009). In our analysis, S1b was most abundant in
Sargasso Sea samples taken in February (Venter et al, 2004),
and at an upwelling site (GS031) near Fernandina Island
(Rusch et al, 2007). Deep mixing appears to have a significant
effect on the relative abundance of S1b in a number of oceanic
regions.

However, given the distributions of wind-driven upwelling/
downwelling (i.e., Ekman pumping) and of mixed layer depths
across the world’s ocean, upwelling or mixing effects alone do
not provide the best explanation for the observed SAR11
phylotype distribution and abundance across the 128 samples
analysed. The large-scale pattern of wind-driven vertical
velocity consists of upward motion in cold high latitude
regions and in the warm tropics, and downward motion in the
subtropical gyres. If the phylotype distributions were strongly
linked to the pattern of Ekman pumping, then we would
expect a weak relationship with temperature (as both the
warmest and coldest waters upwell, and waters of intermedi-
ate temperature downwell). Other factors, like eddies and
convergent/divergent surface currents, can drive upwelling
and downwelling, but there is no data with which to assess
their global distribution. Similarly, the depth of the surface
mixed layer and its seasonal variation is not a strong function
of latitude or surface temperature. Deepest winter mixed layers
are observed on the equatorward side of strong mid-latitude
currents (the ‘mode’ waters), while relatively shallow mixed
layers are observed in the tropics and polar latitudes. There is
also a strong contrast in winter mixed layer depth between the
North Pacific and North Atlantic, despite similar surface
temperatures (e.g., Tomczak and Godfrey, 1994). Summer
mixed layer depths are relatively constant from the tropics to
high latitude while summer sea surface temperature is a strong
function of latitude. The observed strong association between
phylotypes and temperature/latitude argues against a strong
dependence on the depth of the surface mixed layer.

It has been suggested that the differences in productivity in
coastal versus open-ocean environments may be a primary
driver in the distribution of organisms associated with
phylotypes P1a.1 and P1a.3 (Schwalbach et al, 2010). This
study (Schwalbach et al, 2010) examined the presence and
abundance of genes associated with the glycolysis operon
(which is present in the genome of HTCC1062, P1a.1 but not in
HTCC7211, P1a.3) in 46 surface metagenomes, reporting the
overrepresentation of these genes in coastal samples. In our
analysis, on a global scale P1a.1 is predominant in polar
regions and P1a.3 in tropical regions (Figure 1). Coastal versus
open-ocean environments had a small but significant impact in
temperate, but not in tropical or polar biomes, and this was
caused primarily by the relative abundances of P3.2 and P1a.2.
The overabundance of coastal metagenomes from temperate
regions is therefore likely to bias analyses of SAR11
representation.
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Chlorophyll did not have a strong role in defining the
biogeography of SAR11 phylotypes (Supplementary Table S4).
Although cold waters tended to contain higher chlorophyll
levels than tropical waters, many of the Antarctic samples,
typical of High Nutrient Low Chlorophyll regions, had low
chlorophyll allowing us to de-convolute these parameters.
Irrespective of chlorophyll levels, in cold water the polar
phylotypes remained abundant, and in tropical waters the
tropical phylotypes remained abundant.

Implications of SAR11 distribution for climate
change

Given the global distributions of the SAR11 phylotypes
examined here, we suggest they provide molecular markers
that may aid in examining how physical oceanographic
processes contribute to microbial community assembly, by
for example, monitoring the influx of tropical phylotypes into
polar regions. To assess the potential for changes in the
biogeography of the SAR11 community, we compared the
present distribution of sea surface temperature to climate
model projections for the end of the century (Supplementary
Figure S3). Both the 10 and 201C isotherms are projected to
shift towards the poles by the end of the century. The poleward
shift of surface isotherms is larger in the eastern part of the
ocean basins, and larger in the northern hemisphere than in
the south. The area of the surface ocean with surface
temperatures between 10 and 201C and warmer than 201C
increases by 12.2 and 20.5 million km2, respectively, based on
the mean of 15 climate models used in the IPCC 4th
Assessment Report (Solomon et al, 2007). Assuming that the
relationship between the distribution of SAR11 phylotypes and
temperature does not change, we anticipate that the temperate
and tropical phylotypes will expand at the expense of polar
representatives.

We conclude that the adaptive radiation of SAR11 is linked to
environmental parameters selecting for specific phylotypes of
SAR11 at different latitudes that differ in gene content. While
further studies will be required to tease apart all the selective
pressures acting on these putative ecotypes, our data point to
temperature playing a strong role in SAR11 radiation and
diversification. Furthermore, our findings may now facilitate
the development of oceanographic models that predict the
effects of ocean temperature on the distribution and function
of dominant marine heterotrophic bacteria.

Materials and methods

Antarctic metagenomes

Thirty-seven metagenomic data sets were generated from Southern
Ocean and Antarctic marine samples collected during voyages of the
Aurora Australis 2006/7, 2007/8 and 2008/9 and from under sea ice in
the Ross Sea during 2009 and 2010 (Supplementary Table S2). Surface
temperature, salinity and chlorophyll measurements, along with depth
of water column were obtained using the underway line aboard the RV
Aurora Australis. DNA extraction was performed at the University of
New South Wales or at the J. Craig Venter Institute (JCVI), sequencing
was performed using titanium 454 at the JCVI, and preprocessing of
metagenomic data was carried out as described previously (Rusch
et al, 2007; Lauro et al, 2011). The metagenomic data are publically
available through the Community Cyber infrastructure for Advanced

Microbial Ecology Research and Analysis website (http://camera.
calit2.net/) and the sequence read archive at NCBI (http://
www.ncbi.nlm.nih.gov/). Publically available metagenomic data sets
from Antarctic lakes and marine environments were downloaded from
the MG-Rast server (http://metagenomics.nmpdr.org/).

Phylotype definition

The term ‘SAR11 clade’ is used to describe the entire collection of
SAR11 type organisms, the term ‘subgroup’ (S) to describe a branch of
the 16S rRNA gene tree (Table I; Figure 1; Supplementary Figure S1),
and the term ‘phylotype’ (P) to describe the branches within
subgroups defined using ITS sequences (Table I; Figure 1;
Supplementary Figure S1). Subgroup and phylotype designations are
based on previous work: Morris et al (2005) and Carlson et al (2009)
for 16S rRNA gene-based SAR11 subgroups, and Garcia-Martinez and
Rodriguez-Valera (2000) and Brown and Fuhrman (2005) for ITS-
based phylotypes. The 16S rRNA gene tree in Supplementary Figure S1
was generated using the neighbour-joining algorithm in the software
package ARB (Ludwig et al, 2004). Near full-length (41300 bp) 16S
rRNA gene sequences representing SAR11 subgroups (Morris et al,
2005) were obtained from Greengenes version 513274 (12 October
2010) alignment (DeSantis et al, 2006) and used to make the scaffold
tree, and boostrap values were calculated for 1000 replicate trees using
the programs Seqboot, DNAdist, Neighbour and Consense from the
PHYLIP package (Felsenstein, 1993). Shorter sequences that also
contained ITS regions (that were included in the ITS tree) were
manually aligned and added using the maximum parsimony algo-
rithm. The ITS trees in Supplementary Figure S1 were generated using
neighbour-joining analysis of a 657 base-pair alignment containing
862 ITS sequences derived from SAR1116-ITS clones and metagenomic
data sets (Supplementary Table S1; Supplementary Figure S1).
Individual SAR11 ITS sequences were 379–454 bp in length. Bootstrap
values were calculated as above. The annotated database and ITS
alignment files are available from the authors upon request.

SAR11 subgroup 1a (S1a) consists of a number of phylotypes
(Garcia-Martinez and Rodriguez-Valera, 2000; Brown and Fuhrman,
2005) we now define as P1a.1, P1a.2 and P1a.3. The 16S rRNA gene
sequences associated with these three phylotypes all branch closely
(B98–100% sequence similarity) with the first described species
Candidatus Pelagibacter ubique, isolated off the coast of Oregon
(Rappe et al, 2002). The separation of P1a.1 sequences from other ITS
sequences was first identified using sequences from Antarctic waters
(Garcia-Martinez and Rodriguez-Valera, 2000) and named SAR11-A.
Ca. P. ubique, along with the isolates HTCC1002 (Rappe et al, 2002),
HTCC8022, HTCC8010 and HTCC8048 (Stingl et al, 2007), all isolated
from cool waters off the coast of Oregon, belong to P1a.1, as do ITS
sequences originating predominantly from surface waters in the Arctic
(Supplementary Table S1). A mosaic genome from metagenome data
from Ace Lake, Antarctica, ACE_P1a.1 also belongs to this phylotype.
P1a.2 was previously defined from ITS sequences originating primarily
from the temperate waters at the San Pedro Ocean Time Series, off
California and from the Mediterranean Sea. Given the clustering of
sequences from different environments, along with moderate boot-
strap support (44%) this group of sequences was previously
designated as a separate phylotype named S1a (Brown and
Fuhrman, 2005). P1a.2 also contains sequences from other Arctic,
sub-Arctic and temperate surface waters, along with the strains
HTCC8038, HTCC8041, HTCC8045, HTCC8046 and HTCC8049 which
were isolated off the coast of Oregon. The phylotypes P1a.1 and P1a.2
are distinguished by the conserved region starting at position 422 in
the alignment:

P1a.1 - -ATCATTTATATCAATATCTATATCCGAACATT-AAAA-GT-TATT
ATTTA
P1a.2 TAATAATTAATATCAATATCTATATCCGAACATTAGTAATGT-TA
TTAGCTA
P1a.3 was originally defined from ITS sequences from temperate and

tropical waters including the San Pedro Ocean Time Series, and
Sargasso Sea and was previously named S2 (Brown and Fuhrman,
2005). P1a.3 also contains sequences from strains HTCC8051 and
HTCC8047 isolated off the coast of Oregon, and HTCC7211, HTCC7215,
HTCC7216 and HTCC7217, isolated from warm waters off Bermuda
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(Stingl et al, 2007). The genome sequence for HTCC7211 is available
but unpublished (GenBank Accession: EF616619). SAR11 subgroup S1b
contains the 16S rRNA gene sequence from the original SAR11 clone
from the Sargasso Sea, and includes a single phylotype P1b. No
cultures or genome sequences appear to be available for this
phylotype. SAR11 subgroup 2 contains three phylotypes. P2.1 contains
surface water sequences from temperate and tropical waters and was
originally designated as S3 (Brown and Fuhrman, 2005). P2.2 was
initially defined based on ITS sequences from the Antarctic and named
SAR11-A21 (Garcia-Martinez and Rodriguez-Valera, 2000). P2.3 was
defined based on ITS sequences from the deep waters in the
Mediterranean Sea (Garcia-Martinez and Rodriguez-Valera, 2000)
and originally named SAR11-D (deep). It contains sequences from
waters of 70–3000 m depth (the majority from deep water) from
tropical, temperate and polar biomes. No cultures or genome
sequences appear to be available for these phylotypes. SAR11 subgroup
S3 contains two marine phylotypes along with freshwater SAR11 LD
group that are not discussed in our study. P3.1 includes the strain/
genome HIMB114, isolated from warm coastal waters of Kanaohe Bay,
Hawaii. P3.2 includes the Arctic strain/genome, IMCC9063, isolated
from seawater off the coast of Svalbard, Norway (Oh et al, 2011) and
the mosaic genome from Ace Lake, Antarctica, ACE_P3.2.

Other potential phylotypes were determined from our ITS phylogeny
using our database. Several sequences that branch deeply near the
SAR11 subgroup S1b (P1b.a, NA1, NA2 in Figure 1) are defined as
SAR11 ITS sequences in GENBANK but generally lack a clear
connection to the 16S rRNA gene phylogeny (i.e., a lack of 16S-ITS
sequences). Only P1b.a contains a 16S-ITS linked clone (SPOT-
S_May03_160m_16) which is associated with the S1b subgroup
(Supplementary Figure S1, upper panel). Hence the group of
sequences within this collapsed node were designated as P1b.a
(Figure 1). All sequences in collapsed nodes NA1 and NA2 are derived
from deep Arctic waters (3000 m in the Greenland Sea and 500 m in the
Sub-Arctic North Pacific). The sequences for P1b.a, NA1 and NA2 were
included in our BLAST analysis but received no hits from the
metagenomes we analysed and were thus excluded from discussion.

Determination of phylotype abundance in
metagenomic samples and biogeography

The 862 SAR11 ITS sequences were used to generate an annotated
sequence database (each ITS sequence name was annotated with its
phylotype designation) against which all metagenomic data sets were
compared by blastn (e¼ 0.0001). The phylotype affiliation of the high-
scoring pairs for metagenomic sequences that matched the database
with 495% sequence identity over at least a continuous 200 base-pair
region was recorded, resulting in 2983 records. This multivariate data
set (relative abundance of SAR11 phylotypes at each location) was
used in further statistical analysis.

DistLM and dbRDA methods were used to analyse and model the
relationship between the multivariate SAR11 ITS data set and available
predictor variables. Not all variables were available for all samples. To
make use of the most available data, missing data for salinity and
chlorophyll were estimated using the expectation-maximization
algorithm. However, all patterns reported were checked for consis-
tency against the subset of 79 metagenomes for which all variables
were present (Supplementary Tables S3 and S4). Variables were
normalized (the values for each variable had their mean subtracted
and were then divided by their standard deviation) to reduce the effect
of different measurement scales. Bray-Curtis similarity matrices were
generated from normalized, square root transformed data composed of
the relative abundance of each SAR11 phylotype in each sample. MDS,
ANOSIM, DistLM, dbRDA and expectation-maximization of variables
analysis were performed using the Primer V6þPERMANOVAþ
software (Clarke and Gorley, 2006).

Genome assembly and annotation

Initial shotgun metagenomic hybrid assemblies were generated as
previously described (Ng et al, 2010; DeMaere et al, 2011; Lauro et al,
2011) from the 0.1mm fraction of the 5 m depth sample from Ace lake,

Antarctica (Lauro et al, 2011) using a combination of pyrosequencing
and Sanger paired-end reads. Assemblies were manually inspected
and validated using AMOS 3.1.0 (Phillippy et al, 2008) and Hawkeye
2.0 (Schatz et al, 2007). The mosaic draft genome of ACE_P1a.1
(B1.26 Mbp) contained 79 contigs (N50¼ 44.3 kbp) that were
assembled into 12 scaffolds (N50¼150.2 kbp) with 87.8% of the total
base-pairs in contigs larger than 10 kbp. The mosaic draft genome of
ACE_P3.2 (B1.27 Mbp) contained 129 contigs (N50¼15.2 kbp) that
were assembled into 8 scaffolds (N50¼329.6 kbp) with 73.1% of total
base-pairs in contigs larger than 10 kbp. The scaffolds containing a 16S
rRNA marker gene were used as phylogenetic anchors for manually
binning the resulting scaffolds using a combination of paired-end
reads, GC%, tetranucleotide frequencies and phylogenetic congruence
using custom perl scripts. This approach yielded 12 scaffolds that
could be confidently assigned to ACE_P1a.1 and 8 scaffolds that could
be confidently assigned to ACE_P3.2. The scaffolds were annotated
with the automatic annotation pipeline SHAP (DeMaere et al, 2011),
as previously described (Lauro et al, 2011).

Genome alignment and recruitment

The genomic scaffolds were oriented and joined in alignments to
known reference genomes with the 6-frame stop-codon spacer
‘NNNNCACACACTTAATTAATTAAGTGTGTGNNNN’ using the custom
perl script scaffolding.pl to create a contiguous pseudomolecule.
Whole genome alignments were performed by comparing the
pseudomolecule using blastn (run with standard parameters and the
-m8 flag and only matches of at least 30 nucleotides or longer used)
and ACT (Carver et al, 2005) against reference SAR11 genomes. After
removing all N’s from the query sequence, ANI and PCD between
representative genomes of the SAR11 clade were computed using 1020
nucleotide fragments (Goris et al, 2007) by employing custom perl
scripts. blastn was run using settings as previously described (Goris
et al, 2007): parameters were used at the default settings, except
X¼ 150 (where X is the drop-off value for gapped alignment), q¼ 21
(where q is the penalty for nucleotide mismatch) and F¼ F (where F is
the filter for repeated sequences). Genome recruitment plots were
obtained by comparing marine metagenomes using blastn (e-value
o1e� 10, sequence identity 490%) and visualized with the custom
perl and R script plot_coverage.pl using a sliding window size of
1000 bp and a natural logarithmic scale for recruitment depth. We
reported the recruitment of four representative metagenomes from the
different temperature biomes (polar, temperate and tropical). The
metagenome data sets were chosen because they were the most similar
to each other in terms of sampling strategy, sequencing technology and
sample size: Ace Lake polar (GS232, 539536 reads), Southern Ocean
polar (GS362, 508628 reads), temperate (GS368, 512395 reads) and
tropical (S_35155þ S_35163, 576392 reads). Recruitment of metagen-
ome data from other sampling sites gave similar results. The
recruitment depth averaged over the length of each reference genome
was used as a proxy for genome abundance in each data set. For
statistical analyses an additional polar metagenome was included
(GS358, 491340 reads) so that the polar data could be compared with
tropical plus temperate data with equivalent data set sizes, and
compared using a two-tailed t-test.

Detection of homology, COG identification and
analysis

The orthologous predicted proteins were identified from each pair of
SAR11 genomes using the reciprocal smallest distance (RSD) algorithm
(Wall and Deluca, 2007) with a blastp e-value threshold of 1e� 15 and
a sequence divergence for the alignment of 0.5. The protein sequences
that were not identified as orthologues during the first RSD run were
then subjected to subsequent rounds of reciprocal comparisons and
added to the list of paralogues until no more homologues could be
identified. The remaining list of protein-encoding genes was con-
sidered genome specific. The list of genome-specific proteins was
searched against version 2 of the database of all metagenomic 454
reads in CAMERA (Sun et al, 2011) (excluding Ace Lake metagenome
data) with tblastn (eo1e� 50 and 4100 amino acids alignment). The
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hits were subdivided based on water temperature and statistically
significant differences were analysed by 1000 resamplings with
replacement of the blast hits at a confidence level of 99%. Briefly,
1000 hits were randomly sampled from all the tblastn hits for
ACE_P1a.1 to the metagenomes in CAMERA. This subsample was
compared with a similar subsample obtained from the hits of
HTCC7211 and the difference in number of hits (binned according to
water temperature) was calculated. This process was repeated 1000
times and the median difference in number of hits was calculated for
each water temperature bin. To verify that this difference was unlikely
to happen by random chance, this process was repeated except that
each of the 1000 tblastn hits were sampled from the combined hits of
HTCC7211 and ACE_P1a.1. This process was once again repeated 1000
times and the results were ordered from the lowest to the largest
difference in hits for each temperature bin. From the combined data
sets, the low confidence cutoff for 99% significance was the 10th
median difference and the high cutoff was the 991st. If the results for
the test comparison fell outside this interval, then the difference was
considered statistically significant. This process was also followed for
comparisons of ACE_P3.2 to HIMB114. Each protein was assigned to a
COG as described previously (Lauro et al, 2011). Overrepresentation of
specific COG categories compared with the genome background was
verified by a resampling method as previously described (Allen et al,
2009; Lauro et al, 2011) over a confidence interval of 97% using the
custom perl script COG_scrambler.pl.

Detection of proteins under positive selection

Each protein on the list of orthologues was aligned with clustalW
(Thompson et al, 1994) with protein pairs that differed by4120 amino
acids in length discarded from the analysis. The alignments were then
back-translated to the corresponding nucleotide coding sequence
using RevTans (http://www.cbs.dtu.dk/services/RevTrans/down-
load.php) and the dN/dS ratios were computed by the method of
Nei-Gojobori (Nei and Gojobori, 1986) using yn00 from the PAML
package (Yang, 2007) over the whole alignment and over a 60-codon
sliding window. The highest dN/dS ratio was recorded. Orthologous
protein pairs were considered under positive selection only if dN/dS
ratio was 41 over at least one window of 60 amino acids. For the
analysis of predicted membrane proteins, the protein topology was
inferred by computing antigenicity (Hopp and Woods, 1983) and
hydrophobicity (Eisenberg et al, 1984) indexes over a sliding window
of 60 amino acids.

Climate models

Fifteen climate models from the Coupled Model Intercomparison
Project 3 (CMIP3) (as used in the IPCC 4th Assessment Report;
Solomon et al, 2007) were used to predict future shifts in the
distribution of sea surface temperature in 1990 (the mean for the
period 1980–1999, from the 20th century simulation runs) compared
with the distribution projected for 2090 (mean from 2080 to 2099),
under the SRES A2 emissions scenario (Nakicenvoic and Swart, 2000).
Drift was removed from the climate model output by subtracting a
linear trend over 150 years of the control run (pictrl).

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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