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Evolutionary origin of a streamlined marine
bacterioplankton lineage

Haiwei Luo
Simon F. S. Li Marine Science Laboratory, School of Life Sciences, The Chinese University of Hong Kong,
Shatin, Hong Kong, China

Planktonic bacterial lineages with streamlined genomes are prevalent in the ocean. The base
composition of their DNA is often highly biased towards low GþC content, a possible source of
systematic error in phylogenetic reconstruction. A total of 228 orthologous protein families were
sampled that are shared among major lineages of Alphaproteobacteria, including the marine free-
living SAR11 clade and the obligate endosymbiotic Rickettsiales. These two ecologically distinct
lineages share genome sizes of o1.5Mbp and genomic GþC content of o30%. Statistical analyses
showed that only 28 protein families are composition-homogeneous, whereas the other 200 families
significantly violate the composition-homogeneous assumption included in most phylogenetic
methods. RAxML analysis based on the concatenation of 24 ribosomal proteins that fall into the
heterogeneous protein category clustered the SAR11 and Rickettsiales lineages at the base of
the Alphaproteobacteria tree, whereas that based on the concatenation of 28 homogeneous proteins
(including 19 ribosomal proteins) disassociated the lineages and placed SAR11 at the base of
the non-endosymbiotic lineages. When the two data sets were concatenated, only a model that
accounted for compositional bias yielded a tree identical to the tree built with composition-
homogeneous proteins. Ancestral genome analysis suggests that the first evolved SAR11 cell had
a small genome streamlined from its ancestor by a factor of two and coinciding with an ecological
transition, followed by further gradual streamlining towards the extant SAR11 populations.
The ISME Journal (2015) 9, 1423–1433; doi:10.1038/ismej.2014.227; published online 28 November 2014

Introduction

Planktonic bacterial lineages with streamlined gen-
omes are widespread in the ocean (Swan et al., 2013;
Giovannoni et al., 2014). Prominent examples are
alphaproteobacterial SAR11 (Giovannoni et al.,
2005), gammaproteobacterial SAR86 (Dupont et al.,
2012), cyanobacterial Prochlorococcus (Dufresne
et al., 2003; Rocap et al., 2003) and betaproteo-
bacterial OM43 (Giovannoni et al., 2008). Members
of these lineages are either uncultivated or difficult
to propagate when cultures are available. It is
generally assumed that these streamlined bacteria
evolved from lineages with larger genomes through
genome reduction processes. To address this
hypothesis, the evolutionary relationships of the
streamlined lineages and their non-streamlined
relatives need to be resolved. For instance, ancestral
reconstruction based on a robust phylogeny in
which Prochlorococcus evolved from their larger
Synechococcus relatives supported the genome
streamlining hypothesis for Prochlorococcus (Luo
et al., 2011).

In the case of SAR11, however, several alternate
evolutionary positions have been proposed in the
Alphaproteobacteria tree, all of which have strong
statistical support in the evolutionary model under-
lying the analysis (Thrash et al., 2011; Rodrı́guez-
Ezpeleta and Embley, 2012; Viklund et al., 2012; Luo
et al., 2013) (Figure 1). Although the first evolved
SAR11 cell is consistently predicted to have a
streamlined genome, the genome size of its immedi-
ate ancestor varies considerably depending on
where SAR11 is located in the Alphaproteobacteria
tree (Luo et al., 2013). If SAR11 and Rickettsiales
form a monophyletic clade at the basal node of the
tree (Thrash et al., 2011;Figure 1a), it is predicted
that the immediate ancestor had a similar genome
size as the first SAR11 cell, and thus genome
streamlining following the divergence of the
SAR11 lineage is not well supported. If SAR11 does
not cluster with Rickettsiales but is basal to other
Alphaproteobacteria lineages (Luo et al., 2013;
Figure 1b), the first SAR11 cell is predicted to be
a descendant of an intermediate-size ancestor.
If SAR11 is positioned at the middle of the non-
endosymbiotic lineages (Viklund et al., 2012; Luo
et al., 2013; Figures 1c and d), the first SAR11 is
predicted to have evolved from an ancestor with a
large genome size, and the genome streamlining
hypothesis is most strongly supported. Therefore,
collecting additional evidence to help resolve the
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evolutionary position of SAR11 was the primary
goal of the present study.

Materials and methods

Taxon sampling
A total of 66 alphaproteobacterial and 8 gammapro-
teobacterial and betaproteobacterial outgroup genome
sequences were obtained from GenBank. The alpha-
proteobacterial genomes include 10 associated with
the marine Roseobacter clade, 1 with Parvularculales,
3 with Hyphomonadaceae, 5 with Caulobacterales,
14 with Rhizobiales, 6 with Sphingomonadales, 5
with the marine SAR116 clade, 7 with Rhodo-
spirillales, 8 with the marine SAR11 clade and 7
with Rickettsiales. Among the 10 Roseobacter clade
members, genomes of five strains are closed and the
remaining were estimated to be complete or nearly so
(Luo et al., 2013). Among the eight SAR11 genomes,
all are closed except that strain HIMB114 consists of
scaffold with one contig (Grote et al., 2012). Among
the five SAR116 genomes, one (HIMB100) has 10
contigs (Grote et al., 2011) and three are uncultivated
single cell genomes (SCGC AAA015-N04, SCGC
AAA536-K22, SCGC AAA536-G10) with a variable
success in recovering the genomic DNA (69%–91%)
(Swan et al., 2013). Genomes of all other lineages are
closed. In the subsequent analyses, all of the 66
alphaproteobacterial genomes were used in phyloge-
netic tree reconstructions, whereas the three single-
cell genomes and HIMB100 were not included in
ancestral genome reconstruction because of their
relatively low recovery of genome content. Taxon
sampling was carried out to maximize the

phylogenetic diversity by sampling the major taxo-
nomic units (Family/Genus) in each well-accepted
Order of Alphaproteobacteria, and to minimize the
total number of taxa so that the computation for
phylogenomic reconstruction could be completed
with a reasonable amount of time. Under this
principle, the strains used for phylogenomic analyses
were chosen randomly.

Ortholog identification, character selection and
phylogenomic tree reconstruction
Orthologous gene families among the above 74
genomes were identified using the OrthoMCL soft-
ware (Li et al., 2003). Inparalog, copies in a gene
family were discarded. A total of 228 gene families,
including 43 ribosomal protein families, were
chosen for phylogenetic analyses, each of which
contains at least 6 gene members affiliated with the
Roseobacter clade, 3 with Caulobacterales, 8 with
Rhizobiales, 4 with Sphingomonadales, 4 with
marine SAR116 clade, 4 with Rhodospirillales, 5
with the marine SAR11 clade and 5 with Rick-
ettsiales, and 4 with outgroup. This relatively small
number of shared genes is presumably influenced by
the inclusion of the free-living marine SAR11 clade
and the endosymbiotic Rickettsiales, two stream-
lined lineages with their genomic content shaped by
their distinct environments, and by the presence of
partial genomes of three single cells.

To obtain a more reliable alignment, seven inde-
pendent alignment programs were used to align the
orthologous amino acid sequences for each of the
selected gene families. These programs are ClustalW
(Larkin et al., 2007), MAFFT (Katoh et al., 2005),
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Figure 1 Four alternate evolutionary positions of the SAR11 clade in the Alphaproteobacteria phylogeny. The statistical support values
were obtained from previous publications (Thrash et al., 2011; Viklund et al., 2012; Luo et al., 2013).
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MUSCLE (Edgar, 2004), T-coffee (Notredame et al.,
2000), DIALIGN (Morgenstern, 2004), Kalign
(Lassmann and Sonnhammer, 2005) and OPAL
(Wheeler and Kececioglu, 2007). Unreliable regions
of the alignment were trimmed using the trimAl
software (Capella-Gutiérrez et al., 2009) using the
parameters ‘-automated1 -resoverlap 0.55 -seqoverlap
60’. Some short partial sequences were automatically
discarded using the above parameter setting; this is
important in the analysis because of the many missing
nucleotides in parts of the single cell genomes. The
seven trimmed alignments for each gene family were
then compared using trimAl and the one with the
largest fraction of sites showing consistency with
other alignments was selected. The selected align-
ments were subject to a ProtTest (Abascal et al., 2005)
analysis, which determines the best-fit amino acid
substitution matrix and whether the among-site rate
heterogeneity model is applicable.

As there is a substantial variation of GþC content
among lineages, which is known to result in
compositional heterogeneity among lineages at the
amino acid sequence level (Gu et al., 1998; Foster
and Hickey, 1999; Singer and Hickey, 2000), the
validity of the stationarity (compositional homo-
geneity) assumption for each of the 228 families was
specifically tested using the posterior predictive
simulation implemented in the P4 Bayesian phylo-
genetic software package (Foster, 2004).

For phylogenomic analyses, three data sets were
compiled: the concatenation of the 28 composition-
homogenous proteins (including 19 ribosomal pro-
teins), of the 24 composition-heterogeneous ribosomal
proteins and of the combined 52 proteins. The
standard maximum likelihood method implemented
in the MPI version of RAxML v7.3.0 software
(Stamatakis, 2014) was used to analyze the three data
sets separately. To account for the possibility that
different proteins may have undergone distinct pat-
terns of amino acid replacement, a data partition
model was applied so that proteins are grouped into
categories and proteins within each category have
similar substitution patterns. The optimal partitioning
scheme for each of the three data sets was determined
separately by the PartitionFinder software (Lanfear
et al., 2012) according to Bayesian information
criterion score. The RAxML tree was constructed using
the ‘PROTGAMMALG’ model, which assumes amino
acid substitution rates among sites follow a gamma
distribution. The concatenated super-alignment was
partitioned according to the optimal partitioning
scheme. To obtain statistical confidence of internal
branches, 100 pseudoreplicates were generated using
the ‘rapid bootstrap’ method in RAxML.

Phylogenomic tree reconstruction using a Bayesian
nonstationary model
Reduced alphabets were used to overcome the
computational inefficiency issue of P4 (Foster, 2004)
and alleviate the compositional bias by recoding the

amino acid sequences (with 20 character states) into
the following six Dayhoff groups that correspond to
most amino acid substitution matrices (Hrdy et al.,
2004): (cysteine), (alanine, serine, threonine, pro-
line, glycine), (asparagine, aspartic acid, glutamic
acid, glutamine), (histidine, arginine, lysine),
(methionine, isoleucine, leucine, valine), (phenyla-
lanine, tyrosine, tryptophan). This recoding scheme
has been used to improve topological estimation in
the presence of compositional heterogeneity in a
number of phylogenomic studies (Cox et al., 2008;
Foster et al., 2009; Nesnidal et al., 2010), including a
recent study of the evolutionary placement of the
SAR11 clade (Rodrı́guez-Ezpeleta and Embley,
2012). The Dayhoff-recoded concatenated datasets
of the 52 protein sequences (the 28 homogeneous
and the 24 heterogeneous ribosomal proteins) were
analyzed using multiple configurations of the NDCH
(node-discrete composition heterogeneity) and
NDRH (node-discrete rate matrix heterogeneity)
models, general time reversible (GTR) substitution
matrix plus four Gamma-distributed rate categories,
and employing the polytomy prior (Lewis et al.,
2005). Ten replicate runs were performed for each
configuration. In each replicate run, one cold and
three heated MCMC chains were run for a total of
1 500 000 generations with trees sampled every 1000
generations. The first 500 000 generations were
discarded as ‘burn-in’. The model adequacy with
respect to composition was assessed using the w2

homogeneity test on posterior distributed samples
which were generated by posterior predictive simu-
lation in P4. This test rejected the stationary model
(1 composition vector plus 1 GTR rate matrix across
the tree) (Po0.05), while it suggested that a
composition-heterogeneous model (two composi-
tion vector plus two GTR rate matrix across the
tree) was adequate (P40.05). The phylogenomic
trees were reconstructed using both the stationary
and nonstationary models. The average standard
deviation of split support was o0.01 suggesting
convergence was reached for all phylogenetic
reconstructions. A majority-rule consensus tree
was constructed from the post-burn-in trees.

Phylogenomic tree reconstruction using a Bayesian
mixture model
Among-site compositional heterogeneity was
accounted for by the CAT Bayesian mixture model
(Lartillot and Philippe, 2004) implemented in the
PhyloBayes MPI software package (Lartillot et al.,
2013). The Bayesian MCMC analyses were run with
CAT-GTR model with a Gamma distribution of rates
among sites using the concatenated datasets of the
52 protein sequences. Two independent MCMC runs
were performed, each with 4100 000 cycles. The
first 20% of all runs were discarded as ‘burn-in’.
Convergence was reached with the maxdiff statistic
of 0.08 and an effective sample size 4400.
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Computational time of the phylogenomic analyses
Phylogenomic analyses using the PhyloBayes MPI
software and the P4 software are computationally
expensive. All analyses were performed using a
Linux cluster consisting of multiple 8-core or 12-core
nodes (Intel-Xeon processors with different model
numbers, including E5410, E5504, E5530 and X5650)
varying in their clock speeds from 2.00 to 2.67GHz. It
took 56 days with 75 cores to complete each of the
two independent PhyloBayes runs of the concate-
nated 52 protein sequences (74 taxa and 12987 sites)
employing the CAT-GTR model, with a maximum
virtual memory used by all MPI processes ofB20GB.
The P4 software is not coded for parallel computing,
and thus only one CPU core can be assigned to run
the jobs. It took on average 25 days to complete each
of the 10 replicate runs of the Dayhoff recoded data
set of the 52 proteins for each configuration of the
NDCH and NDRH models, with a maximum virtual
memory use of B2GB. This computational burden
imposed a constraint in the number of taxa that could
be used in these phylogenomic analyses, considering
that computational time rapidly increases as the
number of taxa increases.

Reconstruction of ancestral genomes
For ancestral genome reconstruction using a max-
imum likelihood birth-and-death model implemen-
ted in the COUNT software (Csu+rös and Miklós,
2009; Csu+rös, 2010), the phyletic pattern (gene
family presence/absence and gene copy number) of
the 62 complete or nearly complete Alphaproteo-
bacteria genomes was mapped to a rooted and
compositionally unbiased Alphaproteobacteria phy-
logeny. The orthologous gene family table of these
62 genomes was obtained by clustering all of the
predicted protein sequences from these genomes
using OrthoMCL (Li et al., 2003). The procedure was
repeated with 100 bootstrap data sets generated by
randomly sampling the gene families (with repeti-
tions). The number of genes in the ancestral lineages
was predicted through regression analysis between
the number of gene families and the number of genes
at the leaf nodes. The details of the procedure
follows a recent publication (Luo et al., 2013).

Results

Identification of composition-homogeneous protein
families
A total of 228 orthologous gene families
(Supplementary Table S1), including 43 encoding
for ribosomal proteins, were selected for phyloge-
netic analyses at the amino acid level. These
families occur across major lineages of Alphapro-
teobacteria. Although a majority of the included
lineages are represented by members with high
genomic GþC content (50–70%), the marine
SAR11 clade, the Rickettsiales and a lineage in the
marine SAR116 clade represented by three single

cells (SCGC AAA015-N04, SCGC AAA536-K22,
SCGC AAA536-G10) have low genomic GþC con-
tent (30% and below). Posterior predictive simula-
tion generated posterior distributed samples for
each of the families, and w2 homogeneity test on
the posterior samples showed that the composition-
homogeneous model is adequate (P40.05) in only
28 functionally conserved families (Supplementary
Table S1), of which 19 encode for ribosomal proteins
(Table 1). Among the remaining 200 composition-
heterogeneous families, 24 encode for ribosomal
proteins (Table 1).

Phylogenetic position of SAR11 using composition-
homogeneous and -heterogeneous data
To investigate the effect of character sampling on
phylogenetic reconstruction of genomes displaying
striking compositional variation, two independent
data sets of amino acid sequences were compiled:
the concatenated 28 composition-homogeneous pro-
teins and the concatenated 24 composition-hetero-
geneous ribosomal proteins. Intriguingly, the
maximum likelihood RAxML software (Stamatakis,
2014) places the SAR11 bacteria in different evolu-
tionary positions depending on which data set is
used, whereas the branching order of other alpha-
proteobacterial lineages remains identical. The
composition-homogeneous protein set places Rick-
ettsiales at the base of Alphaproteobacteria phylo-
geny and SAR11 at the base of the remaining
lineages (Figure 2a), whereas the composition-
heterogeneous protein set clusters SAR11 and
Rickettsiales at the base of the tree in a monophy-
letic group (Figure 2b). The different branching
patterns in these analyses suggest that the clustering
of SAR11 with Rickettsiales, as has been reported
previously (Thrash et al., 2011), is an artifact due to
the attraction of sequences with compositional
similarity.

With this composition-unbiased data set of 28
concatenated homogeneous protein sequences, test-
ing was carried out in the alternate SAR11 evolu-
tionary positions that have been reported (Figure 1)
using the approximately unbiased test (Shimodaira,
2002) and the more conservative Shimodaira-Hase-
gawa test (Shimodaira and Hasegawa, 1999), both
allowing for statistical comparison of tree topolo-
gies. These methods strongly support the tree in
Figure 2a (as outlined in Figure 1b), lend weak
support (P¼ 0.051) to the tree in Figure 2b (as
outlined in Figure 1a) and strongly reject (Po0.001)
other placements of SAR11 (Figures 1c and d).

Phylogenetic position of SAR11 using different models
Most phylogenomic analyses do not separate
proteins into homogeneous and heterogeneous
classes in regard to composition, and often combined
data sets with both homogeneous and heterogeneous
sequences are used. The ability of phylogenetic
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models to accommodate heterogeneity was thus
tested using the concatenation of the 28 homoge-
neous and 24 heterogeneous ribosomal proteins. As
expected, the RAxML software (Stamatakis, 2014)
clustered SAR11 and Rickettsiales at the base of the
tree (Supplementary Figure S1), but this clustering
had less statistical support (Supplementary Figure
S1) compared with that of the RAxML tree based
solely on the 24 heterogeneous proteins (Figure 2b),
as a result of conflicting phylogenetic signals con-
tained in the two protein subsets. Intriguingly, the
CAT model (Lartillot and Philippe, 2004) in the
PhyloBayes MPI software (Lartillot et al., 2013)
yielded a phylogeny (Supplementary Figure S2)
displaying an identical topology to the RAxML tree
(Supplementary Figure S1), which is at odds with the
previous PhyloBayes analyses that were based on
concatenated data sets that, although distinct from
this 52-protein data set, also consist of both composi-
tion-homogeneous and heterogeneous protein
sequences (Viklund et al., 2012; Luo et al., 2013;
Viklund et al., 2013); these previous analyses placed
SAR11 in the middle of the non-endosymbiotic
lineages (Figures 1c and d).

The P4 Bayesian software offers the NDCH model
that allows the amino acid composition to vary
across lineages (Foster, 2004). This NDCH model
generated a P4 phylogeny (Figure 3a) with a
branching order identical to the RAxML tree based

on the 28 homogeneous proteins (Figure 2a).
When this model was not invoked, the resulting P4
tree (Figure 3b) displayed a topology identical to the
RAxML tree based on the 24 heterogeneous proteins
(Figure 2b). The robustness of this NDCH model is
further confirmed by the posterior predictive simula-
tion, followed by the w2-test showing that this
52-protein data set can be adequately modeled
(P40.05) only when the NDCH model is invoked.
These analyses strongly support the disassociation of
SAR11 and Rickettsiales as outlined in Figure 1b.

Reconstruction of ancestral processes giving rise to the
SAR11 bacteria
Ancestral genome content reconstruction requires a
rooted species tree topology and phyletic pattern
(presence/absence and copy number variation) of
orthologous gene families in extant genomes. On the
basis of the analyses above, the tree topology shown
in Figure 2a (and Figure 3a) was selected for
reconstruction. A maximum-likelihood ancestral
reconstruction approach using the phylogenetic
birth-and-death model (Csu+rös, 2010) predicted that
the first evolved SAR11 cell contained approximately
1800 genes, while its immediate ancestor had 44000
genes (Figure 4). Although over half of the genome
content was lost at this early stage, genome stream-
lining continued until the extant lineages that

Table 1 List of 28 composition-homogeneous and 24 composition-heterogeneous ribosomal proteins

Composition-homogeneous Composition-heterogeneous

COG Protein COG Protein

COG0522 Ribosomal protein S4 COG0261 Ribosomal protein L21
COG0096 Ribosomal protein S8 COG0203 Ribosomal protein L17
COG0100 Ribosomal protein S11 COG0359 Ribosomal protein L9
COG0238 Ribosomal protein S18 COG0200 Ribosomal protein L15
COG0199 Ribosomal protein S14 COG0098 Ribosomal protein S5
COG0093 Ribosomal protein L14 COG0256 Ribosomal protein L18
COG0186 Ribosomal protein S17 COG0097 Ribosomal protein L6P/L9E
COG0197 Ribosomal protein L16/L10E COG0094 Ribosomal protein L5
COG0091 Ribosomal protein L22 COG0092 Ribosomal protein S3
COG0185 Ribosomal protein S19 COG0089 Ribosomal protein L23
COG0090 Ribosomal protein L2 COG0088 Ribosomal protein L4
COG0051 Ribosomal protein S10 COG0049 Ribosomal protein S7
COG0222 Ribosomal protein L7/L12 COG0081 Ribosomal protein L1
COG0080 Ribosomal protein L11 COG0539 Ribosomal protein S1
COG0211 Ribosomal protein L27 COG0268 Ribosomal protein S20
COG0099 Ribosomal protein S13 COG0103 Ribosomal protein S9
COG0102 Ribosomal protein L13 COG0360 Ribosomal protein S6
COG0184 Ribosomal protein S15P/S13E COG0087 Ribosomal protein L3
COG0048 Ribosomal protein S12 COG0244 Ribosomal protein L10
COG1278 Cold shock proteins COG0198 Ribosomal protein L24
COG0050 GTPases—translation elongation factors COG0227 Ribosomal protein L28
COG0361 Translation initiation factor 1 COG0335 Ribosomal protein L19
COG1158 Transcription termination factor COG1825 Ribosomal protein L25
COG0055 F0F1-type ATP synthase, beta subunit COG0228 Ribosomal protein S16
COG3118 Thioredoxin domain-containing protein
COG0740 ATP-dependent Clp proteases
COG0468 RecA/RadA recombinase
COG0443 Molecular chaperone

The COG (Cluster of Orthologous Groups) annotations of these protein families are provided.
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contain approximately 1300–1500 genes (Figure 4).
The predicted genome content of the first SAR11
(Supplementary Table S2) and its immediate ancestor
(Supplementary Table S3) is significantly different
according to functional categorization by Clusters of
Orthologous Groups (Tatusov et al., 1997)(w2-test;
Po0.001). Using the Xipe resampling technique
(Rodriguez-Brito et al., 2006), the latter genome was
predicted to have been significantly enriched in
transcriptional regulation, signal transduction, cell
motility, and lipid transport and metabolism, which
are characteristic functional categories of patch-
adapted marine bacteria (Luo et al., 2013), whereas
the former was significantly enriched in translation,
ribosomal structure and biogenesis, amino acid
transport and metabolism, nucleotide transport and
metabolism, as well as coenzyme transport and
metabolism, which are diagnostic categories of free-
living planktonic cells (Luo et al., 2013) (Po0.01).
This evidence for systematic gene loss implies that a
change in ecological strategy accompanied the origin
of SAR11.

Discussion

Free-living planktonic marine bacteria with stream-
lined genomes have reduced the metabolic cost and
increased the surface-to-volume ratio (because cell
size can be correspondingly smaller) for efficient
nutrient uptake, and thus streamlining has been
considered an ecological advantage in inhabiting
nutrient-poor ocean waters (Giovannoni et al.,
2014). Study of the origin of the SAR11 lineage,
the most abundant and streamlined bacterioplank-
ton in the global oceans, requires resolving its
evolutionary position in the Alphaproteobacteria
tree. This is a challenge because genomes of the
ecologically distinct SAR11 and Rickettsiales
lineages consistently exhibit low GþC content
whereas most members of the remaining alphapro-
teobacterial lineages contain GþC-rich genomes.
Such variability in nucleotide ratios frequently
results in a clustering pattern influenced by
compositional similarity rather than biological
relatedness in phylogenomic reconstruction
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Figure 2 Maximum likelihood phylogeny of Alphaproteobacteria using the RAxML v7.3.0 software. (a) Tree based on a concatenation of
the 28 composition-homogeneous proteins, in which 19 are ribosomal proteins. (b) Tree based on a concatenation of the 24 composition-
heterogeneous ribosomal proteins. A data partition model was employed to allow subsets of component proteins to evolve independently
in amino acid replacement processes, which was determined using the PartitionFinder software. Values at the nodes show the number of
times the clade defined by that node appeared in the 100 bootstrapped datasets. Trees are rooted using species from Betaproteobacteria
and Gammaproteobacteria.
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(Galtier and Gouy, 1995; Jermiin et al., 2004;
Collins et al., 2005; Cox et al., 2008; Foster et al.,
2009; Sheffield et al., 2009; Nesnidal et al., 2010;
Guy et al., 2014). Here, the evolutionary position of
the SAR11 clade was shown to be better resolved in
two ways, either by applying a standard phyloge-
netic program (for example, RAxML) to a least
biased data set, or by applying a composition-
heterogeneous model to a data set that contains
bias. With both approaches, the GþC-poor SAR11
and Rickettsiales lineages do not emerge as a

monophyletic lineage at the base of the Alphapro-
teobacteria tree.

Half of the ribosomal protein families were shown
to have biased amino acid composition across the
alphaproteobacterial lineages and their inclusion
resulted in distorted phylogenetic structure. This
compositional issue has not been reported in
previous studies using the ribosomal proteins as
phylogenetic characters. In fact, using a concate-
nated sequence based on a full set of ribosomal
proteins has become a common approach to resolve
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Figure 3 Bayesian phylogeny of Alphaproteobacteria using the P4 software. (a) Tree employing a composition-heterogeneous model
that is adequate to the data. (b) Tree employing a composition-homogeneous model that significantly violates the data. Both trees are
based on a Dayhoff-recoded sequence with a concatenation of 52 proteins, in which 28 are composition-homogeneous while the
remaining 24 are composition-heterogeneous. The value near each internal branch is the posterior probability for that branch. Trees are
rooted using species from Betaproteobacteria and Gammaproteobacteria.
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deep evolutionary relationships in prokaryotic phy-
logenomics (Matte-Tailliez et al., 2002; Brochier-
Armanet et al., 2008; Fournier and Gogarten, 2010;
Lasek-Nesselquist and Gogarten, 2013). The major
advantage of using these proteins as phylogenomic
markers for prokaryotic organisms is that these
genes are rarely subject to horizontal gene transfer
(Ciccarelli et al., 2006; Ramulu et al., 2014), which
has been generally accepted as the prevalent source
of error in prokaryotic systematics (Bapteste and
Boucher, 2008). Results from the current study
showing different branching patterns depending on
which ribosomal proteins are used caution against
their indiscriminate use for systematics of Proteo-
bacteria and perhaps other prokaryotic groups.

In addition to the ongoing debate of the phyloge-
netic placement of the SAR11 clade, there has been
disagreement in regard to the monophyly of the
strain HIMB59 and other SAR11 lineages
(Rodrı́guez-Ezpeleta and Embley, 2012; Viklund
et al., 2013). These studies suggest that a mono-
phyletic cluster of these bacteria as frequently
observed in phylogenomic trees (Thrash et al.,
2011; Luo et al., 2013) is a result of compositional
attraction (Rodrı́guez-Ezpeleta and Embley, 2012;
Viklund et al., 2013), and that HIMB59 is more
likely to be related to the marine SAR116 clade
(Rodrı́guez-Ezpeleta and Embley, 2012) or a broader
group of Rhodospirillales that includes SAR116
(Viklund et al., 2013). Although the current study

was not designed to address this question, it found
no evidence to support a disassociation of HIMB59
with other SAR11 bacteria. All phylogenomic trees
from the current study confidently rejected an
evolutionary relatedness of HIMB59 to the SAR116
clade, even though a SAR116 lineage was included
consisting of three single cells with low genomic
GþC content (B30%) that is nearly identical to that
of HIMB59 (32%).

Identifying an exact evolutionary position of
SAR11 requires a better sampling of major Alpha-
proteobacteria lineages. While eight well-accepted
Orders were included here, a few under-represented
but deeply branching lineages are missing in both
the current and previous phylogenomic studies. A
few examples are Kiloniellales, Kopriimonadales,
Kordiimonadales, Sneathiellales, Rhodothalassiales
and Magnetococcales (Ferla et al., 2013). Indeed, the
ribosomal gene trees consistently resolved Magne-
tococcales as the basal Order of the Alphaproteo-
bacteria phylogeny (Bazylinski et al., 2013; Ferla
et al., 2013), and availability of the genomic
sequence from Magnetococcus marinus MC-1
affiliated with this lineage allows phylogenomic
validation of its basal position among the included
alphaproteobacterial lineages (Supplementary
Figure S3). Another consideration in future phylo-
genomic studies of Alphaproteobacteria and the
phylogenetic placement of SAR11 is to examine
the effect of taxon sampling on the resulting tree,

0.1
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Candidatus  Pelagibacter ubique HTCC1062   (1354 ± 40)
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alphaproteobacterium HIMB59   (1565 ± 44)

alphaproteobacterium HIMB5   (1530 ± 38)

Candidatus  Pelagibacter sp. HTCC7211   (1447 ± 43)

alphaproteobacterium HIMB114   (1313 ± 39)

(5251 ± 638)
(1825 ± 47)

(1775 ± 68)

(1315 ± 43)

(1652 ± 43)

(1425 ± 41)

(1378 ± 41)

(1648 ± 44)

First SAR11 cell

Immediate 
ancestor 
of the first 
SAR11 cell

Figure 4 Reconstructed gene numbers of each ancestral node associated with the marine SAR11 clade using the COUNT software. The
standard deviation was calculated based on maximum likelihood mapping of each of 100 bootstrap data sets generated by randomly
sampling the gene families (with repetitions). Closed circles represent the first SAR11 cell and its immediate ancestor.
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since Ferla et al. (2013) showed that taxon selection
greatly affects the branching order and monophyly
of a few major lineages in the Alphaproteobacteria
tree, though their analysis was based on a con-
catenation of easily accessible small and large
subunits of rRNA genes.

Recent studies using various approaches have
consistently identified statistical correlations
between the ecological strategies and genome con-
tent in marine bacteria (Lauro et al., 2009; Yooseph
et al., 2010; Luo et al., 2012; Luo et al., 2013). Gene
functional categories involved in cell–cell interac-
tions, such as motility, secondary metabolite synth-
esis and degradation, and defense mechanisms, are
repeatedly found to be enriched in the genomes of
marine bacteria that are associated with particles
and take advantage of ephemeral patchiness of
nutrients (Moran et al., 2004; Newton et al., 2010;
Luo et al., 2013), while they are depleted in the
genomes of marine bacteria that live as single cells
in nutrient-poor bulk seawater (Giovannoni et al.,
2005; Giovannoni et al., 2008). This characteristic
genome content was also hypothesized in the
present study, suggesting the evolutionary origin of
marine SAR11 bacteria at the base of the non-
endosymbiotic Alphaproteobacteria lineages may
have coincided with an ecological transition from
a patch-associated life-style to a free-living plank-
tonic strategy.
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