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The seminal work of Carl Woese and co-workers has contributed to promote the RNA component of the
small subunit of the ribosome (SSU rRNA) as a ‘‘gold standard’’ of modern prokaryotic taxonomy and sys-
tematics, and an essential tool to explore microbial diversity. Yet, this marker has a limited resolving
power, especially at deep phylogenetic depth and can lead to strongly biased trees. The ever-larger num-
ber of available complete genomes now calls for a novel standard dataset of robust protein markers that
may complement SSU rRNA. In this respect, concatenation of ribosomal proteins (r-proteins) is being
growingly used to reconstruct large-scale prokaryotic phylogenies, but their suitability for systematic
and/or taxonomic purposes has not been specifically addressed. Using Proteobacteria as a case study,
we show that amino acid and nucleic acid r-protein sequences contain a reliable phylogenetic signal at
a wide range of taxonomic depths, which has not been totally blurred by mutational saturation or hor-
izontal gene transfer. The use of accurate evolutionary models and reconstruction methods allows over-
coming most tree reconstruction artefacts resulting from compositional biases and/or fast evolutionary
rates. The inferred phylogenies allow clarifying the relationships among most proteobacterial orders
and families, along with the position of several unclassified lineages, suggesting some possible revisions
of the current classification. In addition, we investigate the root of the Proteobacteria by considering the
time-variation of nucleic acid composition of r-protein sequences and the information carried by hori-
zontal gene transfers, two approaches that do not require the use of an outgroup and limit tree recon-
struction artefacts. Altogether, our analyses indicate that r-proteins may represent a promising
standard for prokaryotic taxonomy and systematics.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Reconstructing the evolutionary relationships among prokary-
otic organisms is a major challenge in biology and key to many
research fields, including evolution, ecology, and medicine
(Gribaldo and Brochier, 2009). Since the seminal work of Carl
Woese and colleagues at the end of the 70s (Woese and Fox,
1977), prokaryotic systematics and the exploration of microbial
diversity have been relying mainly on phylogenetic analysis of
the RNA component of the small subunit of the ribosome (SSU
rRNA) (Lopez-Garcia and Moreira, 2008). However, single gene
markers (including SSU rRNA) are not able to resolve all phyloge-
netic relationships with confidence, especially the most ancient
ones (Gribaldo and Philippe, 2002). Taking the opportunity of the
recent burst of complete genome sequencing projects, new phylo-
genetic approaches based on gene content, gene order, DNA-string
comparison, shared rare genomic events, etc. have been developed
(see (Delsuc et al., 2005) and references therein). Among them,
special emphasis has been put on the simultaneous analysis of
numerous protein coding genes through supertrees or supermatri-
ces, which systematically provide better resolved trees than those
based on single markers (including SSU rRNA) (Abby et al., 2012).
In the case of prokaryotes, implementing such approaches may

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2014.02.013&domain=pdf
http://dx.doi.org/10.1016/j.ympev.2014.02.013
mailto:celine.brochier-armanet@univ-lyon1.fr
http://dx.doi.org/10.1016/j.ympev.2014.02.013
http://www.sciencedirect.com/science/journal/10557903
http://www.elsevier.com/locate/ympev


104 H.G. Ramulu et al. / Molecular Phylogenetics and Evolution 75 (2014) 103–117
be complicated by horizontal gene transfer (HGT) which make the
evolutionary history of genes different from that of organisms
(Gribaldo and Brochier, 2009; Philippe and Douady, 2003). How-
ever, even if HGT is a very important evolutionary process, large
scale phylogenetic analyses indicate that a congruent phylogenetic
signal reflecting the phylogeny of organisms can be extracted from
protein markers (Brochier et al., 2002; Lerat et al., 2003; Matte-
Tailliez et al., 2002; Puigbo et al., 2010).

In the post genomic era, the first step of most of studies aiming
at investigating the phylogeny of a particular taxonomic group
consists in identifying the best-suited set of genes (or proteins)
to address the question. Among them, the analysis of the core gen-
ome (i.e. the set of orthologous genes present in a single copy per
genome) is becoming growingly popular (Kelly et al., 2010; Lang
et al., 2013; Touchon et al., 2009; Williams et al., 2010). This is be-
cause core genes are numerous, easy to identify in complete gen-
omes and supposed to be less affected by HGT, gene duplications
and losses. Such approaches have led to significant improvements
on our knowledge of the evolutionary history of prokaryotes, in
particular by allowing resolving difficult evolutionary issues such
as the origin of obligate enterobacteriales endosymbionts of insects
(Husnik et al., 2011). Accordingly, we are witnessing a bloom of
methodological developments and databases allowing the selec-
tion of core genes at different taxonomic levels (see for instance
(Kuzniar et al., 2008; DeLuca et al., 2012; Marthey et al., 2008;
Wang and Wu, 2013; Wu et al., 2013)). However, the application
of such strategies to systematics or taxonomic purposes deserves
careful consideration. Indeed, the identification of core genes
strongly depends on the taxonomic sampling of the lineage under
study. For instance, the core genome of Escherichia coli varies
according to the number and the type of strains considered
(Touchon et al., 2009). Moreover, core genomes are not comparable
from one lineage to another. For example, the core genome of Esch-
erichia (Touchon et al., 2009) is different in size and gene content
from that of Mycobacterium (Tettelin et al., 2005). Finally, the
methods (e.g. sequence similarity, single gene phylogeny, etc.)
and parameters used to identify orthologous genes/proteins can
also strongly influence the delineation of core genomes (Kuzniar
et al., 2008). Altogether, differences in gene sampling make the
comparison among different studies and the discrepancies
observed from one study to the other difficult to interpret from a
systematic and/or taxonomic point of view. In addition, the identi-
fication of the core genome can be time-consuming, and because it
depends on the taxonomic sampling of the lineages under study, it
has to be recomputed prior to each analysis. Finally, the combina-
tion of core genes can lead to very large supermatrices of charac-
ters that can impose a very heavy burden in calculation time,
precluding their use to address routinely taxonomic and system-
atic issues.

There is therefore an urgent need to define a stable and stand-
ardised set of molecular markers suitable to address systematic
and taxonomic issues that overcomes these major issues. These
markers should (i) be largely conserved across prokaryotic lin-
eages, (ii) be easily identifiable in complete genome sequences,
(iii) be rarely transferred, and (iv) harbour a robust and reliable
phylogenetic signal at various taxonomic levels. Among protein
markers, those involved in translation, and in particular ribosomal
proteins (r-proteins), fulfil most of these criteria. Indeed, while a
few cases of HGTs have been reported (Brochier et al., 2000; Chen
et al., 2009), r-proteins carry a robust phylogenetic signal that can
be used to reconstruct ancient phylogenies in the three domains of
life (Brochier et al., 2002; Brown et al., 2001; Ciccarelli et al., 2006;
Matte-Tailliez et al., 2002; Swithers et al., 2009). Moreover, a grow-
ing number of mass spectrometry studies showed that r-proteins
can be used to discriminate among closely related species and to
type/identify rapidly strains within species (Suarez et al., 2013;
Tamura et al., 2013). Finally, it is worth noting that at very large
evolutionary scales (e.g. domain or phylum levels), core genomes
are mainly composed of r-proteins (Ciccarelli et al., 2006). How-
ever, the resolving power of these markers for systematic and/or
taxonomic purposes has not been specifically tested. In this study,
we evaluate the value of r-proteins for prokaryotic taxonomy and
systematics by using Proteobacteria as a case study.

Proteobacteria (from the Greek god ‘‘Proteus’’, who was capable
of assuming many different shapes (Stackebrandt et al., 1988))
represent the largest and phenotypically most diverse bacterial
lineage. It encompasses the majority of known Gram-negative bac-
teria (Kersters et al., 2006), shows a wide diversity of metabolisms
and morphologies, and includes a large number of human, animal,
and plant symbionts/pathogens of ecological, medical, industrial,
and agricultural interest. Proteobacteria are also highly relevant
from an evolutionary point of view, as the endosymbiosis of the
alphaproteobacterial ancestor of mitochondria represents a key
step in eukaryogenesis (Embley et al., 2003; Lang et al., 1999).
The importance of this phylum is exemplified by the huge number
of complete genome sequences in public databases: they repre-
sented 40% of bacterial complete genome sequences available at
the NCBI in August 2013 (http://www.ncbi.nlm.nih.gov/). Based
on SSU rRNA and protein analyses, Proteobacteria have been di-
vided into five classes, which were arbitrarily designated as Alpha,
Beta, Gamma, Delta and Epsilon (see (Kersters et al., 2006). Re-
cently, a new candidate division, the Zetaproteobacteria, has been
proposed for Mariprofundus ferrooxydans PV-1 and JV-1 strains,
the first cultivated neutrophilic Fe-oxidising bacteria, and their
uncultivated relatives (Emerson et al., 2007). While proteobacterial
classes are well defined, the location of the root of Proteobacteria
and the relationships among the orders and families composing
each class have not been fully clarified. In particular, the phyloge-
netic position of a number of newly described lineages and of fast
evolving species has remained elusive or is hotly debated. Due to
their diversity and abundance, Proteobacteria represent an interest-
ing case study to assess the value of r-proteins for prokaryotic tax-
onomic and systematic studies.
2. Materials and methods

2.1. Data set construction

A subset of 472 proteomes representative of proteobacterial
diversity was downloaded at the NCBI (http://www.ncbi.nlm.nih.
gov/) (Supplementary Table S1). The sequences were gathered in a
local database. The sequences from the recently published genome
of Magnetospira sp. QH-2 (Ji et al., 2013) and from the magneto-
ovoid strain MO-1 (a second representative of Magnetococcales,
Alphaproteobacteria) ongoing project were kindly provided by Dr.
Long-Fey Wu (personal communication) and included in the data-
base. The database was screened with BLASTP (Altschul et al.,
1997) to identify the homologues of the 55 proteobacterial r-pro-
teins (33 LSU and 22 SSU r-proteins) using Escherichia coli
sequences as seeds. The absence of any r-protein in a given prote-
ome was verified by screening the nucleic acid sequence of the cor-
responding genome with TBLASTN. Accession numbers of retrieved
r-proteins sequences are given in Supplementary Table S1. The
nucleotide sequences corresponding to these r-proteins were also
retrieved from the NCBI.

The 55 resulting datasets were aligned using MUSCLE 3.6
(Edgar, 2004). The use of other programs (i.e. CLUSTALW (Larkin
et al., 2007) and MAFFT (Katoh and Toh, 2008)) provided very sim-
ilar multiple alignments (not shown). The resulting alignments
were used as template to align the corresponding nucleic acid se-
quences. At this step, the r-protein S1 was discarded due to the
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presence of numerous repeats preventing the construction of an
accurate alignment. The 54 amino acid and nucleic acid alignments
were visually inspected and adjusted when necessary using ED
from the MUST package (Philippe, 1993). Protein and nucleic acid
alignments were trimmed using the NET application from the
MUST package (Philippe, 1993).

2.2. Supermatrix construction

The trimmed alignments of individual r-proteins from the 474
proteomes were combined to build supermatrices. When a prote-
ome harboured several copies of a given r-protein, the less diver-
gent homologue was retained. To analyse the impact of data
sampling on supermatrix reconstruction, we constructed 100
supermatrices using the 33 LSU r-proteins and 100 supermatrices
using the 21 SSU r-proteins by gathering alignments containing
an increasing number of missing homologues (from 0 up to 99).
Examination of the resulting supermatrices suggested that for
LSU and SSU r-proteins a maximum of ten missing species repre-
sented a good compromise between the amount of missing data
and the length of the resulting alignments (upper graph, Supple-
mentary Fig. S1). They corresponded to the concatenation of 28
LSU and 20 SSU r-proteins. As expected, the Maximum Likelihood
(ML) trees inferred with these two supermatrices showed similar
topologies (not shown), confirming that LSU and SSU r-proteins
carry a consistent phylogenetic signal. The two supermatrices were
therefore combined into a single alignment (FAA-474) represent-
ing 5,228 amino acid positions. The maximum likelihood phylog-
eny inferred with the FAA-474 is shown in Supplementary Fig. S2.

We constructed a second set of supermatrices using a more re-
stricted taxonomic sampling (Supplementary Table S1) represent-
ing at best the taxonomic diversity of each proteobacterial class
and its genetic diversity according to the ML phylogeny inferred
with the FAA-474 supermatrix (Supplementary Fig. S2), and avoid-
ing the over representation of a few taxa. To do so we selected at
least one representative of each proteobacterial family, but no
more than two representatives per genus, excepted in the case of
Buchnera for which we selected three representatives due to the
extreme divergence of strains within this lineage. Altogether this
procedure led us to select 137 organisms. The supermatrices were
built by allowing from 0 up to ten missing species per r-protein
family. The examination of the resulting supermatrices showed
that a maximum of three missing species represented the best
compromise between the amount of missing data and the length
of the resulting alignments (lower graph, Supplementary Fig. S1).
They correspond to the concatenation of 27 LSU r-proteins and 19
SSU r-proteins. The ML trees inferred with these two supermatrices
were consistent and in agreement with those inferred with the 474
species (Supplementary Figs. S3-S4 and S2, respectively). This con-
firmed that LSU and SSU r-proteins carried a consistent phyloge-
netic signal and indicated that the reduction of the taxonomic
sampling did not bias the phylogenetic signal contained in these
markers. The two supermatrices were combined into a single align-
ment (FAA-137) containing 5,124 amino acid positions. The nucleic
acid version of this supermatrix will be referred to as FNT-137. The
supermatrices are available upon request to CB-A or on the tree-
BASE repository (http://treebase.org/treebase-web/home.html).

2.3. Phylogenetic analyses

ML phylogenies of individual r-proteins were inferred using
PhyML v. 3.1 (Guindon et al., 2010) with the Le and Gascuel (LG)
model (Le and Gascuel, 2008). In order to take into account the het-
erogeneity of evolutionary rates across sites, we used a gamma dis-
tribution with four discrete classes of sites (C4) and an estimated
alpha parameter. The branch robustness of the ML trees was esti-
mated with the non-parametric bootstrap procedure implemented
in PhyML v.3.1 (100 replicates of the original dataset).

ML trees of the supermatrices were inferred with PhyML v.3.1
(Guindon et al., 2010). The best fitted evolutionary models were se-
lected with ProtTest v2.4 (Abascal et al., 2005) for the amino acid
supermatrices (FAA-474 and FAA-137) and with TreeFinder
v.2011 (AICc criterion) (Jobb et al., 2004) for the nucleic acid
supermatrix (FNT-137). The robustness of the FAA-137 and
FNT-137 ML trees was estimated by the non-parametric bootstrap
procedure implemented in PhyML (100 replicates of the original
dataset), whereas the SH-like support was used for FAA-474 ML
trees.

Additional ML trees of the FNT-137 supermatrix were inferred
with the Galtier and Gouy (GG) (Galtier and Gouy, 1998) non-
homogeneous model that was recently implemented in nhPhyML
(Boussau and Gouy, 2006) in combination with a gamma distribu-
tion (C5). The discrete version of the model was considered in all
analyses, with three values of G + C equilibrium content (0.25,
0.5 and 0.75). Thus, for each branch, the best out of the three pos-
sible values was determined by maximum likelihood. nhPhyML re-
quires a rooted tree as a starting point but does not allow topology
exploration around the root so that no Nearest Neighbour Inter-
change (NNI) can be tested between any two lineages present on
each side of the root. However, nhPhyML allows topology explora-
tion on each sub-tree surrounding the root. According to the re-
sults from this study (see Results), we fixed the root position on
the branch separating the Epsilonproteobacteria from the other pro-
teobacterial classes to compute ML trees.

Bayesian analyses were performed with PhyloBayes 3.3b to
investigate the relationships among species within each class
(Lartillot et al., 2009). We used the CAT model in order to take into
account across-site heterogeneities in the amino-acid replacement
process (Lartillot and Philippe, 2004). For each class (i.e. Alphapro-
teobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteo-
bacteria, and Epsilonproteobacteria), we ran two MCMC chains in
parallel with the CAT + C4 model. The initial 500 trees were dis-
carded as ‘‘burn-in’’. The remaining trees from each chain were
used to test for convergence, compute the 50% majority rule con-
sensus tree and the posterior probabilities by sampling one every
ten trees. The chains were stopped when the maxdiff and the effec-
tive size became lower than 0.3 and greater than 100, respectively.
Similar analyses were performed using the Dayhoff4 recoding op-
tion (CAT + REC4 + C4). The four Dayhoff’s amino acid families cor-
responded to [(A, G, P, S, T) (D, E, N, Q) (H, K, R) (F, Y, W, I, L, M, V)]
plus cysteines treated as missing data (C=?).

2.4. Detection of HGT

We used Prunier (Abby et al., 2010) to search for possible HGT
events in individual r-protein trees built with the subset of 137
species. According to a reference phylogeny, Prunier explores
HGT scenarios on single marker trees and finds the most parsimo-
nious one (i.e. the one involving the least number of HGT events).
We used the ML phylogeny of FAA-137 as a reference tree, because
it was previously shown that supermatrix approaches provide
good frames to detect HGTs in single marker trees (Abby et al.,
2012). The branch robustness is taken into account by Prunier in
order to minimise the impact of phylogenetic reconstruction errors
and the lack of phylogenetic signal. Here, we considered a thresh-
old of 80% bootstrap values in individual r-protein ML trees and set
the ‘‘forward’’ parameter to 2. Because HGT scenarios depend on
the position of the root in the reference tree, we tested the 271
possible roots of the reference phylogeny in order to find the most
parsimonious HGT scenario over all protein families. Similar anal-
yses were performed using a more restricted taxonomic sampling
(52 species).

http://treebase.org/treebase-web/home.html
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2.5. Rooting the proteobacterial phylogeny

The non-homogeneous models, such as the GG model imple-
mented in nhPhyML, render the final likelihood of a tree dependent
on its root position, contrary to standard homogeneous models. In
fact, the GG model allows base compositions in terms of G + C fre-
quencies to vary between lineages and the root is assigned its own
G + C composition (which is estimated by Maximum Likelihood),
so that the placement of the root changes the likelihood of the tree.
Accordingly, it is possible to use these models to identify the most
likely location of the root of an unrooted phylogenetic tree (Yang
and Roberts, 1995), provided the data has retained enough compo-
sitional signal to discriminate between alternative roots. We ap-
plied this approach to determine the most likely position of the
root of Proteobacteria. To do so, we used the ML phylogeny inferred
with the FAA-137 supermatrix with the LG + C4 + I model and the
first two codon positions of the FNT-137 supermatrix using the
GTR + C4 or the GG + C5 model. Three species were removed from
the analysis because their position in the ML trees was unresolved
(Mariprofundus ferrooxydans PV-1) or because of huge evolutionary
rates (‘Candidatus (Ca.) Hodgkinia cicadicola’ and ‘Ca. Carsonella
ruddii PV’). Nine putative root positions were tested. The likeli-
hoods of the resulting trees were further compared for statistical
significance with the AU test (Shimodaira, 2002) implemented in
the CONSEL program (Shimodaira and Hasegawa, 2001). An inde-
pendent approach based on the pattern of HGTs inferred by Prunier
was used to determine the location of the root of Proteobacteria
(see below).
2.6. Mutational saturation level

The mutational saturation level of FAA-137 was estimated by
comparing the evolutionary distance deduced from ML trees
inferred with PhyML to the p-distance (i.e. observed divergence)
deduced from the multiple alignment between each pair of se-
quences (Chiari et al., 2012; Philippe and Forterre, 1999; Philippe
et al., 1994). A similar analysis was performed for FNT-137 but
by considering each of the three codon position separately.
3. Results and discussion

3.1. Taxonomic distribution of r-proteins in Proteobacteria and
supermatrix construction

The survey of the proteobacterial proteomes with BLASTP
highlighted missing r-proteins in many lineages, yet most of these
absences corresponded to annotation errors because the corre-
sponding genes could be easily identified in the corresponding
genomic sequences with TBLASTN (Supplementary Table S1). More
precisely, annotation errors were detected in half of the analysed
proteomes (240 out of 474), and a few genomes presented more
than 10 unannotated r-protein genes. This observation was in
agreement with a recent survey of r-proteins in complete prokary-
otic genomes (Yutin et al., 2012) and underlined the poor quality of
the annotation of some genome sequences. Beside annotation er-
rors, a few r-proteins were truly missing in some proteobacterial
lineages (Supplementary Table S1). For instance, L30 and L32 were
absent from the genomes of all Epsilonproteobacteria; L34 and L36
were missing in Mariprofundus ferrooxydans PV-1 (the only repre-
sentative of Zetaproteobacteria), whereas L32 was missing in
Magnetococcus marinus MC-I and its close relative, the magneto-
ovoid strain MO-1. Regarding S22, an extremely restricted taxo-
nomic distribution was observed, the protein being present in only
50 closely related species belonging to Enterobacteriales (a gamma-
proteobacterial order). This indicated that S22, which is associated
to stationary phase ribosomes (see (Maki et al., 2000) and refer-
ences therein), appeared late during the evolution of Proteobacte-
ria. Conversely, a few r-proteins were present in multiple copies
in a few genomes (Supplementary Table S1). For instance, this is
the case for L31 and S21, for which four copies are found in Esche-
richia coli O157:H7 EDL933 and Burkholderia (Betaproteobacteria),
respectively. The loss or, alternatively, the presence of multiple
copies of some r-proteins in some taxa is puzzling and should be
further investigated from a functional point of view. However, to
a few exceptions, our results indicated that the majority of the
55 r-proteins were present in a single copy in Proteobacteria and
therefore that the set of r-proteins (and thus the ribosome) has
not significantly changed during the diversification of this phylum.

The burst of genome sequencing projects allows combining pro-
tein markers to investigate the phylogeny of organisms (Delsuc
et al., 2005). In the case of r-proteins, their relative short size hin-
ders the use of supertree approaches, especially when large taxo-
nomic samplings are considered. In contrast, supermatrices have
been shown to be particularly well-suited for this type of data
(Brochier et al., 2002; Matte-Tailliez et al., 2002). Briefly, this ap-
proach consists in combining the alignments of single phylogenetic
markers into a single large alignment (called a supermatrix), which
is then used for phylogenetic reconstruction (Delsuc et al., 2005).
We applied this strategy to build the FAA-474 supermatrix that
gathered the 28 LSU and 20 SSU r-proteins presenting a sufficient
taxonomic sampling (see methods). The ML tree inferred with this
supermatrix recovered the monophyly of most proteobacterial
taxa (Supplementary Fig. S2), confirming that r-proteins and SSU
rRNA carry an overall consistent phylogenetic signal. Due to biases
in the taxonomic distribution of genome projects, some taxa were
overrepresented (Supplementary Table S1). To limit taxonomic
sampling biases and to reduce computation time, we selected a
subset of 137 organisms encompassing most of the taxonomic
and genetic diversity of each proteobacterial class (see Material
and Methods) to investigate in more detail the phylogenetic signal
contained in r-proteins and the phylogeny of this bacterial phylum
(species in bold in Supplementary Fig. S2 and Table S1). To do so,
we built two supermatrices, FAA-137 and FNT-137, which gath-
ered, respectively, the amino acid and the nucleic acids alignments
of 46 (27 LSU and 19 SSU) r-proteins.

3.2. Protein and nucleic acid sequences of r-proteins contain a reliable
phylogenetic signal

The decay of the ancient phylogenetic signal contained in
molecular data by successive substitutions occurring at the same
position is a frequent problem encountered in phylogeny. This phe-
nomenon is called mutational saturation. Beside the loss of infor-
mation, mutational saturation may generate tree reconstruction
artefacts such as Long Branch Attraction (LBA) which tends to
group together sequences associated to long branches (Bergsten,
2005; Felsenstein, 1978; Philippe and Laurent, 1998). This has been
extremely well documented in the case of ancient phylogenies
(Gribaldo and Philippe, 2002). Because Proteobacteria are an an-
cient phylum, a certain level of mutational saturation is expected
in their r-protein sequences, and thus in the FAA-137 and FNT-
137 supermatrices.

The level of mutational saturation can be revealed by compar-
ing the p-distances (i.e. the observed substitutions) between each
pair of sequences to the corresponding ML-estimated distances
(Chiari et al., 2012; Philippe and Forterre, 1999; Philippe et al.,
1994). The stronger the correlation between the two measures is,
the lower the level of mutational saturation is. This can be visual-
ised graphically by plotting the two measures. The slope of the lin-
ear regression indicates the level of mutational saturation
contained in the data. In theory, when the level of saturation is
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close to zero, meaning that no multiple substitutions occurred,
both distances should be equal. A relatively good correlation be-
tween the two distances was observed in the case of FAA-137
(slope of the linear regression = 0.1296 and R2 = 0.847, Fig. 1a).
Expectedly, the ML and p-distances were strongly correlated
among closely related species and/or slowly evolving sequences,
whereas the highest discrepancies were observed for pair of se-
quences involving the two very fast evolving endosymbionts ‘Ca.
Hodgkinia cicadicola’ and ‘Ca. Carsonella ruddii’ (surrounded by a
dot line, Fig. 1a), for which more than 3 substitutions per site were
inferred with ML, whereas only 0.6 to 0.7 substitutions per site
were observed at the sequence level. This indicates that many sub-
stitutions have occurred in these sequences (large ML-distances),
but are hidden due to mutational saturation (moderate p-dis-
tances). Indeed, the removal of these two organisms improved
the correlation between the p- and the ML distances (slope of
the linear regression = 0.1669 and R2 = 0.9204, not shown), con-
firming their strong impact on the global saturation level of the
data. Altogether, this suggests that the level of mutational satura-
tion in the FAA-137 supermatrix is moderate and that most of the
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Fig. 1. Mutational saturation level of (a) FAA-137 and (b) FNT-137 at the first
(black), second (dark grey) and third (light grey) codon positions. For each pair of
sequences, the p-distance corresponding to the proportion of observed substitu-
tions is plotted against to the ML distance deduced from the corresponding ML tree.
The slope of the linear regression indicates the amount of mutational saturation:
the lower the slope is, the greater the number of inferred multiple substitutions is.
Conversely, the higher the slope is, the lower the number of inferred multiple
substitutions is. The dash-line corresponds to the ideal case, for which at most one
substitution occurred by position, meaning that no multiple substitution occurred
during the evolution of sequences and thus that the level of saturation is close to
zero.
ancient phylogenetic signal contained in r-proteins has been pre-
served during the diversification of Proteobacteria.

The analysis of the FNT-137 supermatrix provided a very differ-
ent picture (Fig. 1b). While a strong correlation was observed be-
tween the p- and the ML-distances at the first two codon
positions (slope of the linear regression = 0.2107 and 0.2519, and
R2 = 0.9109 and R2 = 0.9431, respectively), a very weak correlation
and a great dispersal was observed at the third codon position
(slope of the linear regression = 0.0178 and R2 = 0.127). This re-
flects the fast evolutionary rate of the third codon position and
its higher saturation with respect to the two other positions. Actu-
ally, while a maximum of 4.29 and 3.34 substitutions per site was
estimated by ML at the first and second codon positions, respec-
tively, up to 10.68 substitutions per site were inferred at the third
codon position (Fig. 1b). In addition to higher evolutionary rates,
the highest heterogeneity in term of G + C content was observed
at the third codon position with respect to the two other positions
due to its strong correlation with the genomic G + C content
(Fig. 2). These results were expected because selective pressures
are known to be more relaxed at the third codon position due to
the redundancy of the genetic code. The combined effect of base
composition heterogeneity and fast evolutionary rate may strongly
bias tree reconstructions. This was recently illustrated in the case
of Plasmodium (Davalos and Perkins, 2008) and turtles (Chiari
et al., 2012). Proteobacteria are no exception, as shown by the ML
phylogeny inferred with the FNT-137 supermatrix using the
GTR + C4 model, which was the best-fitted model proposed by
TreeFinder (Supplementary Fig. S5). As all homogeneous and sta-
tionary models, the GTR model assumes that the sequences are
at equilibrium and thus have the same base composition (see be-
low). Fig. 2 shows that this assumption is strongly violated in our
data. This may explain the artefactual clustering of unrelated se-
quences sharing similar base compositions, as illustrated by the
grouping of low G + C espilonproteobacteria, low G + C alphaprote-
obacteria and Bdellovibrio bacteriovorus (Deltaproteobacteria) (Sup-
plementary Fig. S5). Expectedly, the monophyly of these classes
was recovered when the third codon position was removed from
the analysis (Supplementary Fig. S6). Importantly, artefactual clus-
tering can also occur even at small evolutionary scales as exempli-
fied by the grouping of ‘Ca. Liberibacter asiaticus str. psy62’ and
Bartonella grahamii as4aup, two unrelated rhizobiales harbouring
moderate G + C contents compared to other rhizobiales (Supple-
mentary Fig. S5). These taxa are in fact related to Sinorhizobium
medicae WSM419 and Brucella suis 1330, respectively (Fig. 3 and
Supplementary Fig. S6). Expected relationships were also recov-
ered by applying the non-homogeneous Galtier and Gouy (GG)
model on the three and on the first two codon positions of the
FNT-137 supermatrix (Supplementary Figs. S7 and S8), because
this model, contrarily to most evolutionary Markovian models, al-
lows the process of evolution to vary through time and which
therefore models variations of base composition among lineages
(Galtier and Gouy, 1998). The GG model is thus more able to dis-
criminate homoplasies owing to compositional convergence from
the true phylogenetic signal than homogeneous models such as
GTR and thus to reduce the impact of mutational saturation on tree
reconstructions. Altogether, these results strengthen the idea that
the use of approaches and evolutionary models designed to over-
come mutational saturation and compositional biases should be
systematically considered for the inference of prokaryotic phylog-
enies, even at small evolutionary scales.

Our analyses showed that the phylogenetic signal contained in
r-proteins has not been completely blurred by mutational satura-
tion and compositional biases. Then, we asked whether this phylo-
genetic signal reflects the evolutionary history of Proteobacteria or
if it has been obscured by HGTs. To address this question, we inves-
tigated the phylogeny of each r-protein in order to quantify the
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Fig. 2. Distribution of G + C frequencies at the three codon positions (a–c) and at the genome level (d). Correlation between the G + C content at each codon position and the
whole genome G + C content (e–g).
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amount of HGT that has affected their evolutionary history. To do
so, we used Prunier, a recently developed statistical approach of
gene tree reconciliation (Abby et al., 2010). The r-protein S22
was not taken into account due to its very restricted taxonomic
distribution (Supplementary Table S1). The analysis of the 53
remaining r-proteins revealed 68 HGT events, representing 1.28
HGTs per protein family in average (Table 1 and Supplementary
Table S2). More precisely, 26 r-proteins were devoid of HGT,
whereas one, two, three and four HGTs were inferred for 15, six,
two and one r-proteins, respectively. In the case of L28, L33, and
L36 more than four HGTs (i.e., five, seven, and 19, respectively)
were detected. However, for these three proteins Prunier failed
to identify a suitable scenario of HGT (Table 1). Ignoring these
three potentially artefactual HGT scenarios, 37 HGT events were
inferred, representing 0.7 HGT events per gene family in average.
This number was roughly twice as low in a similar analysis per-
formed with a sampling of 52 species (not shown). This indicated
that HGTs have rarely affected the evolutionary history of r-pro-
teins in Proteobacteria and that most of the topological inconsis-
tences observed in phylogenies of single r-proteins result from a
lack of phylogenetic signal and not from HGT. This also confirmed
previous studies showing that proteins involved in large com-
plexes are rarely successfully transferred (Cohen et al., 2011; Jain
et al., 1999; Leigh et al., 2011) and that r-proteins can be used to
investigate the evolutionary history of Proteobacteria.

3.3. The root of Proteobacteria

The ML tree inferred with the FAA-137 supermatrix (LG + C4 + I
model, Fig. 3) was overall consistent with the trees inferred with
the FNT-137 supermatrix (GG + C5 model, Supplementary
Figs. S7 and S8). As expected, it strongly supported the monophyly
of each class (Fig. 3): Epsilonproteobacteria (BV = 100%), Deltaprote-
obacteria (BV = 93%), Alphaproteobacteria (BV = 93%), as well as the



Fig. 3. Unrooted ML phylogeny of a subset of 137 Proteobacteria based on the FAA-137supermatrix (5,124 amino acids positions). The tree was inferred with the LG + C4 + I
model, as suggested by ProtTest v2.4. The scale bar represents the average number of substitutions per site. Coloured circles correspond to bootstrap values ranges (100
replicates of the original dataset). For clarity, supports lower than 85% are not shown. Epsilonproteobacteria are in dark blue, Deltaproteobacteria in green–blue,
Alphaproteobacteria in pink, Zetaproteobacteria in purple, Betaproteobacteria in light green and Gammaproteobacteria in light blue. Orders and families are depicted in black and
in light grey, respectively, according to current taxonomy. Coloured rectangles correspond to genomic G + C contents.
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monophyly of Beta + Gammaproteobacteria (BV = 91%). It also
strongly supported the separation of Epsilon- and Deltaproteobacteria
from other proteobacteria (BV = 98%). Regarding Zetaproteobacteria,
in the FAA-137 tree Mariprofundus ferrooxydans PV-1 represents a
distinct lineage emerging as the sister-group of the clade formed
by Alpha, Beta and Gammaproteobacteria. However, the support



Table 1
Number of HGTs inferred by Prunier in each r-protein family. We only show results
inferred for the eleven root positions (out of 271) that minimise the number of HGTs.
They correspond to root number 71–77, and 91–94 according to Supplementary
Table S2. These eleven roots are located within Epsilonproteobacteria or in the branch
separating Epsilonproteobacteria from other proteobacterial classes. The ⁄ designs the
three families suspected to yield artefactual scenarios.

r-Protein Number of
HGT

r-protein Number of
HGT

r-Protein Number of
HGT

L10 1 L28⁄ 7 S13 0
L1 2 L29 0 S14 0
L11 2 L30 0 S15 0
L13 1 L3 1 S16 2
L14 0 L31 0 S17 0
L15 1 L32 0 S18 1
L16 1 L33⁄ 5 S19 0
L17 0 L34 0 S20 1
L18 0 L35 3 S2 2
L19 1 L36⁄ 19 S21 4
L20 0 L4 1 S3 2
L2 1 L5 0 S4 3
L21 1 L6 0 S5 0
L22 0 L7 1 S6 0
L23 1 L9 2 S7 0
L24 0 S10 0 S8 1
L25 1 S11 0 S9 0
L27 0 S12 0

Total number of HGTs: 68 (corresponding to 1.28 HGT per r-protein family).
Total number of HGTs excluding the three doubtful scenarios: 37 (corresponding to
0.7 HGT per r-protein family).
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for this position is weak (BV = 66%, Fig. 3). Therefore, according to
this phylogeny, we cannot exclude that Zetaproteobacteria may be
the sister-lineage of Beta + Gammaproteobacteria or of Alphaproteo-
bacteria. Further analyses using additional markers or the inclusion
of new representatives of this class when they become available
are needed to precisely determine the position of Zetaproteobacte-
ria with respect to these proteobacteria classes.

Based on protein signatures, it was proposed that the root of
Proteobacteria separates Thiobacteria (i.e., Delta and Epsilonproteo-
bacteria) from the three other classes (Gupta, 2000) or that sulphur
oxidation performed by Thiobacteria was ancestral (Cavalier-Smith,
2002). Based on molecular phylogenies, either Deltaproteobacteria
(Ciccarelli et al., 2006) or Epsilonproteobacteria (Gupta, 2000; Yutin
et al., 2012) appeared as the first emerging class, albeit frequently
with non-significant supports. However, these works aimed at
reconstructing global phylogenies of Bacteria without addressing
specifically the question of the root of Proteobacteria. To our knowl-
edge, the precise location of the root of Proteobacteria has not been
carefully investigated and remained to be elucidated. The usual ap-
proach to root a phylogenetic tree is based on the use of outgroups.
However, this increases the risk of LBA because the branch separat-
ing the ingroup from the outgroup is usually longer than the
internal branches of the ingroup (Philippe and Laurent, 1998).
Non-homogeneous and non-stationary models of evolution, as
the GG model (see Materials and Methods and below), represent
an alternative way to root phylogenies without the use of out-
groups (Yang and Roberts, 1995). In fact, homogeneous and sta-
tionary models, such as GTR or LG assume that the overall
sequence composition does not change through time and that
the process is at equilibrium from the root to the leaves. These
models are reversible, in the sense that there is no direction of evo-
lution along the inferred trees (Felsenstein, 2004), such that the
root can be placed wherever on the tree without influencing the
likelihood (Yang, 2006). In contrast, non-homogeneous and non-
stationary models do not assume the reversibility hypothesis and
assign specific base frequencies to the root so that its position
influences the likelihood of the tree (Boussau and Gouy, 2006; Yang
and Roberts, 1995). Because of the features of non-homogeneous and
non-stationary models mentioned above, it is possible to use them
in order to determine the ML position of the root of a tree for which
the topology is known. Here, we used this approach to address the
question of the root of Proteobacteria with the GG model, which
models the variation of base composition in time by assigning to
each branch of the tree its own G + C equilibrium frequency, as
well as on the root. To do so, we considered the three ML topolo-
gies inferred with the FAA-137 supermatrix and the LG + C4 + I
model (Fig. 3), and with the first two codon positions of the FNT-
137 supermatrix using the GTR + C4 and the GG + C5 models (Sup-
plementary Figs. S6 and S8). For each topology, nine root positions
were tested, corresponding to all possible placements of the root
on the internal branches connecting the proteobacterial classes
(Table 2). The three topologies provided very similar results,
regarding the rank of the nine roots and the conclusions of the
AU test. More precisely, the best likelihood was associated to a
rooting on the branch separating Epsilonproteobacteria from all
other proteobacterial classes. It is worth noting that while four
alternative roots were rejected by AU tests (their AU values were
below 0.05, indicated with * in Table 2), a rooting on the branch
leading either to Deltaproteobacteria, to Delta + Epsilonproteobacte-
ria, to Acidithiobacillus, or to Alpha + Delta + Epsilonproteobacteria,
even if less likely, was not significantly statistically rejected (AU
values above 0.05, Table 2).

Another approach to root trees without using outgroup is based
on the phylogenetic signal carried by HGT. Indeed, it has been
shown recently that the pattern of HGT can be exploited to dis-
criminate among putative root positions in species trees, because
when the species tree is rooted in a group of species whose ances-
tor has received a gene by HGT, the number of transfers needed to
reconcile the gene trees with the species tree increases dramati-
cally (Abby et al., 2010, 2012). We compared the number of HGTs
inferred in r-protein families for all of the 271 possible locations of
the root in the FAA-137 tree (Supplementary Table S2). Interest-
ingly, the positions of the root that minimised the number of
HGT placed Epsilonproteobacteria (or an espilonproteobacterial
lineage) as the first diverging lineage within Proteobacteria (Sup-
plementary Table S2). Other rootings implied much more HGT
events (Supplementary Fig. S9). Similar results were obtained with
a more restricted taxonomic sampling (52 species) of proteobacte-
ria (not shown).

Altogether, the use of non-homogeneous and non-reversible
models, and patterns of HGT favours a rooting of Proteobacteria
at the base of Epsilonproteobacteria.

3.4. The phylogenetic position of fast evolving proteobacterial lineages

Proteobacteria contain a number of lineages whose phylogenetic
position is difficult to determine (Moran et al., 2008). This is, for in-
stance, the case of obligate endosymbionts of insects, such as the
gammaproteobacterium ‘Ca. Carsonella ruddii PV’ and the alpha-
proteobacterium ‘Ca. Hodgkinia cicadicola’. ‘Ca. Hodgkinia cicadi-
cola’ is an obligate endosymbiont of the cicada Diceroprocta
semicincta which harbours one of the smallest genomes known to
date (144 Kb), and is known to be very fast evolving (McCutcheon
et al., 2009). Interestingly, while most bacterial symbionts with
highly reduced genomes harbour high A + T rich genomic se-
quences, the genome of ‘Ca. H. cicadicola’ is G + C rich, suggesting
that strong selective pressures counteract the natural mutational
bias toward A + T (Van Leuven and McCutcheon, 2012). McCutch-
eon and collaborators hypothesised a possible relationship be-
tween ‘Ca. H. cicadicola’ and Rickettsiales, but phylogenetic
analyses of SSU rRNA and protein markers favoured a link with
Rhizobiales (McCutcheon et al., 2009). The ML trees of FAA-137
and FNT-137 strongly support the former hypothesis because ‘Ca.
H. cicadicola’ grouped with Rickettsiales and SAR11 (BV > 85%,



Table 2
Results of the AU test for the position of the proteobacterial root. The root is located on the branch connecting the two groups separated by the vertical bar. The nine tested
positions are ranked according to their likelihood computed by nhPhyML. The trees used as input are the ML trees based on the FAA-137 with the LG + C4 + I model (1) and on the
first two codon positions of the FNT-137 supermatrix inferred either with the GTR + C4 (2) or the GG + C5 (3) model. E: Epsilonproteobacteria, D: Deltaproteobacteria, T:
Acidithiobacillus, B: Betaproteobacteria, A: Alphaproteobacteria, G: Gammaproteobacteria.

Position of the root Rank DLn L (1) AU p-value Rank DLn L (2) AU p-value Rank DLn L (3) AU p-value

E|T,B,G,A,D 1 0 0.937 1 0 0.930 1 0 0.961
D|E,T,B,G,A 2 32.6 0.215 2 32.0 0.182 2 27.6 0.246
T|E,D,B,G,A 3 36.3 0.188 3 36.2 0.188 3 31.3 0.169
E,D|T,B,G,A 4 37.2 0.299 4 37.1 0.119 4 32.2 0.087
T,B,G|E,D,A 5 43.2 0.152 5 39.2 0.204 5 37.5 0.118
B,G|T,E,D,A 6 49.8 0.036⁄ 7 50.2 0.059 6 44.8 0.018⁄

A|B,G,T,E,D 7 56.2 0.092 6 46.0 0.051 7 51.2 0.043⁄

B|A,G,T,E,D 8 80.1 0.084 8 51.4 0.044⁄ 8 75.1 0.091
G|T,Ac,B,E,D 9 83.2 0.086 9 51.9 0.037⁄ 9 78.2 0.041⁄

* p-Value < 0.05.
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Fig. 3, and BV > 95% Supplementary Figs. S6–S8). However, the long
branches harboured by these species suggested the possibility of a
LBA. To investigate this hypothesis, we reanalysed the phylogeny
of Alphaproteobacteria with the CAT model implemented in Phy-
loBayes (Lartillot and Philippe, 2004), which is less prone to tree
reconstruction artefacts such as the LBA (Lartillot et al., 2007). In
contrast with ML trees, the Bayesian tree inferred with the
CAT + C4 model strongly rejected the grouping of ‘Ca. H. cicadicola’
with Rickettsiales (Posterior Probability (PP) = 0.97, Fig. 4a), the for-
mer being displaced to the apical part of the alphaproteobacterial
tree (PP = 0.98, Fig. 4a). However, according to this tree, the precise
position of ‘Ca. H. cicadicola’ relatively to Rhodobacterales, Rhizobi-
ales and Caulobacterales could not be determined (Fig. 4a). A similar
result was obtained when the multiple alignment was recorded
according to the four Dayhoff’s amino acid categories (not shown).
This confirmed that the grouping of ‘Ca. H. cicadicola’ with the
Rickettsiales and SAR11 in the FAA-137 and F137-NT ML trees likely
resulted from a LBA.

We also investigated the phylogenetic position of ‘Ca. C. ruddii’, a
psyllid endosymbiont, which was described as an intermediate evo-
lutionary state between organism and organelle (Tamames et al.,
2007). It harbours a very reduced (160 Kb) and G + C poor (16.6%)
genome (Nakabachi et al., 2006). Due to extreme evolutionary rates
and compositional biases (both at the nucleic and amino acid levels,
see above), the phylogenetic position of this bacterium remains
uncertain (Williams et al., 2010). In the ML tree of FAA-137, this
gammaproteobacterium robustly emerged within Enterobacteria-
ceae (BV = 91%, Fig. 3) and more precisely within a large group of
obligate endosymbionts of insects including Wigglesworthia (a sym-
biont of tsetse flies), Buchnera and ‘Ca. Hamiltonella’ (two aphid
symbionts), ‘Ca. Baumannia’ (a symbiont of sharpshooters), and
Blochmannia (a symbiont of Ants) (BV = 91%, Fig. 3). This suggests
that these obligate endosymbionts of insects originated from a sin-
gle endosymbiosis event, a hypothesis which contradicts a recent
phylogenetic analysis suggesting that at least four lineages of obli-
gate endosymbionts of insects emerged independently from free
living species during the diversification of Enterobacteriaceae (Husnik
et al., 2011). According to that study: (i) Sodalis, Baumannia,
Blochmannia and Wigglesworthia could be related to Pectobacterium
and Dickeya; (ii) Buchnera to a large group encompassing Erwinia
and Pantoea, its closest relatives, but also Escherichia, Salmonella
and other lineages; (iii) Hamiltonella and Regiella to Yersinia and
Serratia, and (iv) Riesia and Arsenophonus to Xenorhabdus, Proteus,
and Photorhabdus (Husnik et al., 2011). Beside ‘Ca. C. ruddii’, our
taxonomic sampling, which was not designed to address specifi-
cally the question of the origin of obligate endosymbionts of insects,
encompassed representatives of the first three groups. Because of
their very long branches, the grouping of these obligate endos-
ymbionts in the FAA-137 and FNT-137 tree was suspect and
prompted us to investigate the possibility of an LBA. Similar to
the case of ‘Ca. H. cicadicola’, we reanalysed the phylogeny of Gam-
maproteobacteria with the CAT + C4. In agreement with ML phylog-
enies, the Bayesian tree strongly support the monophyly of the
enterobacteriales obligate endosymbionts of insects with a signifi-
cant statistical support (PP = 0.97), to the notable exception of ‘Ca.
Carsonella ruddii PV’, which was robustly displaced outside of
Enterobacteriales (PP = 0.95) and yet grouped with Thiomicrospira
crunogena XCL-2 and the two sulphur-oxidising symbionts, albeit
with a non-significant support (PP = 0.51) (Fig. 4b). This indicate
that the grouping of ‘Ca. Carsonella ruddii PV’ with the enterobacte-
riales obligate endosymbionts of insects in the FAA-137 and FNT-
137 ML trees resulted from an LBA. The recoding of the multiple
alignment according to the four Dayhoff’s amino acid families pro-
vided similar results but did not allow clarifying the phylogenetic
position of ‘Ca. Carsonella ruddii PV’ (not shown). To further inves-
tigate the relationships among enterobacteriales obligate endos-
ymbionts of insects, we removed ‘Ca. Carsonella ruddii PV’ from
the alignment. The Bayesian trees inferred with the CAT + C4 and
CAT + REC4 + C4 were well resolved and overall consistent (Fig. 5a
and b, respectively). Interestingly, while ‘Ca. Hamiltonella defensa
5AT’ emerged with other enterobacteriales obligate endosymbionts
of insects in the former (PP = 1, Fig. 5a), it grouped robustly with
Yersinia when the amino acids were recoded (PP = 1, Fig. 5b), in
agreement with the study of Husnik and colleagues (Husnik et al.,
2011). This indicated that the grouping of the ‘Ca. Hamiltonella de-
fensa 5AT’ with other enterobacteriales obligate endosymbionts of
insects in the F137-AA, F137-NT ML trees and in the gammaprote-
obacterial Bayesian phylogeny inferred without amino acid recod-
ing was artefactual. Regarding the other endosymbionts, we could
not separate Baumannia, Blochmannia, and Wigglesworthia from
Buchnera (Fig. 5b). This could mean that their separation was arte-
factual in the study of Husnik, or that our taxonomic sampling is not
sufficient to address this specific question. Indeed, contrarily to the
analysis of Husnik et al. our analysis did not aim at dissecting in-
depth the relationships among obligate endosymbiontic and free
living enterobacteriales, which explains our limited taxonomic
sampling for this order (10 species). However, even with such a
very restricted taxonomic sampling we showed that the phyloge-
netic signal carried by r-proteins is sufficient to overcome (at least
partially) LBA resulting from the very fast evolutionary rates of the
alphaproteobacterial and gammaproteobacterial obligate endos-
ymbionts of insects.

3.5. The evolutionary history within proteobacterial classes

The ML tree of Proteobacteria inferred with FAA-137 (Fig. 3) and
the Bayesian trees of each proteobacterial classes (inferred without
and with amino acid recoding, Figs. 5–7) were overall consistent
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Fig. 4. Bayesian phylogenies of Alphaproteobacteria (a) and Gammaproteobacteria (b) inferred using the FAA-137 supermatrix (5,124 amino acids positions) with the CAT + C4

model. The scale bars represent the average number of substitutions per site. The statistical supports correspond to posterior probabilities estimated with PhyloBayes. Orders
and families are depicted in black and in light grey, respectively, according to current taxonomy. The trees were rooted according to Fig. 3.

112 H.G. Ramulu et al. / Molecular Phylogenetics and Evolution 75 (2014) 103–117
except for the position of the fast evolving obligate symbionts (see
above). The monophyly of nearly all orders was recovered except
within Gammaproteobacteria (see below). More precisely, the rela-
tionships within Epsilonproteobacteria were strongly supported, al-
beit they were not all in agreement with the current taxonomy.
Indeed, Arcobacter butzleri (Campylobacteraceae) and Sulfurimonas
denitrificans (Helicobacteraceae) grouped robustly with the unclas-
sified epsilonproteobacterium Sulfurovorum sp. (BV = 87%, PP = 1.0
and 0.96, Fig. 3 and 6a and b, respectively), and not with other
Campylobacteraceae or Helicobacteraceae. This is in agreement with
the report of genomic similarities shared between Arcobacter butz-
leri and Sulfurimonas denitrificans (Miller et al., 2007), and suggests
that Sulfurovorum sp., A. butzleri, and S. denitrificans represent a
new family within Epsilonproteobacteria, distinct from Campylob-
acteraceae, Helicobacteraceae, and Nautiliaceae. The main differ-
ences among the three trees concerned the position of this
group, which formed the sister-lineage of other Campylobactera-
ceae and Helicobacteraceae in the Bayesian tree inferred without
amino acid recoding (PP = 1.0, Fig. 6a) or was more related to
Campylobacteraceae when amino acids were recoded (PP = 0.98,
Fig. 6b), whereas it position was unresolved in the FAA-137 ML tree
(BV < 85%, Fig. 3).

Similarly to Epsilonproteobacteria, a robust phylogeny of
Deltaproteobacteria emerged from the ML and Bayesian analyses
(Fig. 3 and 6c and d). More precisely, the monophyly of Myxococcales
was supported (BV = 96%, PP = 1.0 and PP = 0.62) as well as their
grouping with Bdellovibrionales (BV = 83%, PP = 1.0 in both Bayes-
ian trees). Furthermore, the monophyly of Geobacteraceae, Desul-
fobacteraceae, Desulfuromonadales, and Desulfovibrionales was
strongly recovered (BV P 97% and PP = 1.0 in both Bayesian trees).
The monophyly of Desulfovibrionaceae was significantly supported
in the ML tree (BV = 97%, Fig. 3) and in the Bayesian phylogeny in-
ferred without amino acid recoding (PP = 1.0, Fig. 6c), whereas Des-
ulfovibrio salexigens grouped with Desulfomicrobium and
Desulfohalobiumwhen amino acid were recoded, albeit with a
non-significant support (PP = 0.90, Fig. 6d), which could reflect an
insufficient phylogenetic signal. A lack of phylogenetic signal could
also explain the weak support for Desulfobacteriales, whereas the
non-monophyly of Syntrophobacterales represented here by Syntro-
phus aciditrophicus SB (Syntrophaceae) and Syntrophobacter fumar-
oxidans MPOB (Syntrophobacteraceae) was not recovered in the ML
tree and in the recoded Bayesian tree, albeit with a non-significant
support (Fig. 3 and 6d), and strongly rejected in the Bayesian tree
inferred without recoding (PP = 1.0, Fig. 6c).

In the case of Alphaproteobacteria, the phylogenetic analysis of
r-proteins confirmed the close relationship between Magnetococ-
cus marinus MC-I and the strain Magneto-ovoid MO-I strain
(BV = 100%, Fig. 3, PP = 1.0 and 0.99, Fig. 7) (Lefevre et al., 2009),
as well as the early branching of Magnetococcales with respect to
other alphaproteobacterial orders (BV = 93%, Fig. 3) (Spring et al.,
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Fig. 5. Bayesian phylogenies of Gammaproteobacteria inferred using the FAA-137 supermatrix (5,124 amino acids positions) with the CAT + C4 model (a) and the
CAT + REC4 + C4 model (b). The scale bars represent the average number of substitutions per site. The statistical supports correspond to posterior probabilities estimated with
PhyloBayes. Orders and families are depicted in black and in light grey, respectively, according to current taxonomy. The trees were rooted according to Fig. 3.
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1998), strengthening the recent proposal that they represent a pro-
teobacterial lineage of high taxonomic rank (Bazylinski et al.,
2013). More generally, the monophyly of most alphaproteobacteri-
al orders was recovered (Figs. 3 and 7). One exception concerned
Rhodobacterales due to the robust grouping of Caulobacterales with
or within Hyphomonadaceae (BV = 100%, PP = 1.0 and 0.99, Figs. 3
and 7a and b, respectively). Such a clustering has been observed
previously in protein and SSU rRNA trees (Badger et al., 2005;
Lee et al., 2005; Thrash et al., 2011; Williams et al., 2007) and is
supported by genomic and biological features. This suggests that
the boundaries of Caulobacterales and Rhodobacterales should be
revised. An interesting point concerned the phylogenetic position
of the SAR11 lineage with respect to Rickettsiales. SAR11 repre-
sented here by ‘Ca. Pelagibacter ubique’ (Giovannoni et al., 2005)
is a major component of ocean surface waters (Morris et al.,
2002; Rappe et al., 2002; Steindler et al., 2011). The phylogenetic
position of SAR11 remains controversial: some analyses suggested
that this group is related to Rickettsiales (Rappe et al., 2002; Thrash
et al., 2011) and thus to mitochondria, whereas others supported a
relationship with free-living marine and soil alphaproteobacteria
and explained the phylogenetic proximity observed between
SAR11 and Rickettsiales as the result of compositional biases
(Brindefalk et al., 2011; Rodriguez-Ezpeleta and Embley, 2012;
Viklund et al., 2011). In the FAA-137 ML tree, Rickettsiales and
SAR11 grouped together (BV = 88%) and represented the second
diverging order within Alphaproteobacteria (Fig. 3). Interestingly,
the grouping of Rickettsiales and SAR11 was strongly rejected in
the Bayesian trees inferred with the CAT + C4 or with the
CAT + REC4 + C4 model, due to the displacement of SAR11 to the
apical part of the trees (PP = 1.0 and PP = 0.96, Fig. 7a and b, respec-
tively). This indicated that the grouping of SAR11 with Rickettsiales
in ML trees results from an LBA due to the fast evolutionary rates of
these two lineages. However, based on these analyses, we could
not indicate with precision the position of SAR11 with respect to
Sphingomonadales, Rhodobacterales, Caulobacterales and Rhizobiales.
To tackle this issue, a broader taxonomic sampling of this lineage
and of Alphaproteobacteria in general would be required. However,
even with a restricted taxonomic sampling, the phylogenetic signal
carried by r-proteins allowed strengthening the hypothesis that
SAR11 and Rickettsiales have different origins.

Concerning Betaproteobacteria, the ML phylogeny inferred with
FAA-137 and the two Bayesian trees restricted to Betaproteobacte-
ria revealed very few discrepancies (Figs. 3 and 6e–f). In particular,
the monophyly of all orders and families was strongly recovered.
We confirm the emergence of ‘Ca. Accumulibacter phosphatis’
within Rhodocyclaceae/Rhodocyclales, in agreement with previous
studies (Hesselmann et al., 1999), and suggest that it represents
a bonafide representative of this taxon. The main difference be-
tween the three trees concerned the position of Thiobacillus deni-
trificans (Hydrogenophilaceae/Hydrogenophilales), which grouped
with Nitrosomonadales in both FAA-137 ML and non-recoded
Bayesian trees (BV = 69% and PP = 0.98, Figs. 3 and 6e), whereas
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Fig. 6. Bayesian phylogenies of Epsilonproteobacteria (a and b) and Deltaproteobacteria (c and d) and Betaproteobacteria (e and f) inferred using the FAA-137 supermatrix
(5,124 amino acids positions) with the CAT + C4 model (a, c and e) and with the CAT + REC4 + C4 model (b, d and f). The scale bars represent the average number of
substitutions per site. The statistical supports correspond to posterior probabilities estimated with PhyloBayes. Orders and families are depicted in black and in light grey,
respectively, according to current taxonomy. The trees were rooted according to Fig. 3.
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Fig. 7. Bayesian phylogenies of Alphaproteobacteria inferred using the FAA-137 supermatrix (5,124 amino acids positions) with the CAT + C4 model (a) and the
CAT + REC4 + C4 model (b). The scale bars represent the average number of substitutions per site. The statistical supports correspond to posterior probabilities estimated with
PhyloBayes. Orders and families are depicted in black and in light grey, respectively, according to current taxonomy. The trees were rooted according to Fig. 3.
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it represented an isolated lineage when amino acids were recoded
(Fig. 6f). Finally, while Nitrosomonadales formed the sister-group of
Burkholderiales and Rhodocyclales in the ML and recoded Bayesian
tree (BV = 89% and PP = 1.0, Figs. 3 and 6f), Neisseriales occupied
this position in the Bayesian tree inferred without amino acid
recoding (Fig. 6e).

In contrast to Betaproteobacteria, the phylogeny of Gammaprote-
obacteria showed strong discrepancies with the current taxonomy.
First of all, in the FAA-137 tree, Acidithiobacillales (represented here
by Acidithiobacillus ferrooxidans str. ATCC 23270) robustly branched
at the base of the group composed of Beta- and other Gammapro-
teobacteria (BV = 91%). This position is in agreement with the
recent analysis of 356 protein families from 108 gammaproteobac-
terial proteomes (Williams et al., 2010). Our analysis strengthens
this observation and indicates that Acidithiobacillales are neither
Beta- nor Gammaproteobacteria, but form a distinct lineage. This
means that the taxonomic affiliation of Acidithiobacillus (and thus
of Acidithiobacillales) to Gammaproteobacteria based on the phylo-
genetic analysis of a few SSU rRNA sequences using distance meth-
ods (Kelly and Wood, 2000) must be reconsidered, either through
the creation of a new class or revision of the boundaries between
Beta- and Gammaproteobacteria. Strong discrepancies with the cur-
rent taxonomy were also observed for three major orders: the
Alteromonadales, the Pseudomonadales and the Oceanospirillales.
These lineages branched in the central part of the gammaproteo-
bacterial tree, i.e., after the divergence of Chromatiales, Methylococ-
cales, Cardiobacterales, Xanthomonadales, Legionellales, and
Thiotrichales, but before the diversification of Vibrionales, Pasteu-
rellales, Aeromonadales and Enterobacteriales. A careful examination
of the FAA-137 ML and Bayesian trees revealed that the Oceanospi-
rillales families (i.e., Alcanivoracaceae, Hahellaceae, Oceanospirilla-
ceae, and Halomonadaceae) form four unrelated lineages, with the
Alcanivoracaceae family being split into two (Figs. 3 and 5). A sim-
ilar situation was observed for Alteromonadales that formed four
distinct lineages and for Pseudomonadales which were split in three
unrelated families. These observations are significantly supported
by high BV and PP and are in agreement with the recent study of
Williams et al. (2010). This situation requires urgent in-depth
investigations aiming at revisiting the taxonomy of these families
and orders. In contrast, the most apical part of the gammaproteo-
bacterial tree was well resolved and in agreement with the current
taxonomy. The monophyly of Enterobacteriales (including the
unclassified ‘Ca. Baumannia cicadellinicola’), of Pasteurellales and
of Vibrionales was recovered, as well as the sister relationship be-
tween Enterobacteriales and Pasteurellales (all BV > 90%, Fig. 3, and
all PP = 1.0, Fig. 5). In contrast, the basal part of the phylogeny of
Gammaproteobacteria was moderately resolved. While the mono-
phyly of Xanthomonadales, and Legionellales was recovered and
well supported in all trees, the monophyly of Thiotrichales, and
Chromatiales was weakly supported in the FAA-137 ML tree
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(Fig. 3), and not recovered in Bayesian trees (Fig. 5). However, in
these trees, the unclassified sulphur oxidising symbionts robustly
clustered within Thiomicrospira (Thiotrichales) (Figs. 3 and 5), sug-
gesting that they belong to the same lineage. Finally, the relation-
ships among the basal branching orders were not resolved, leaving
open the question of the early steps of the diversification of
Gammaproteobacteria.
4. Conclusions

Using Proteobacteria as a case study, we showed that ribosomal
proteins are highly conserved, easily identifiable and have been
rarely lost, duplicated and/or horizontally transferred. Their com-
bination allows assembling relatively large supermatrices, which
contain a moderate level of mutation saturation at the protein level
but also at the nucleic acid level, provided that the third codon po-
sition was removed. Importantly, the use of accurate evolutionary
models allows overcoming most of the tree reconstruction arte-
facts linked to fast evolving lineages and/or compositional biases,
which are highly problematic in systematic and taxonomy studies.
Finally, by comparing our results with previously published stud-
ies, we showed that the phylogenetic signal contained in r-proteins
is a good proxy of the phylogenetic signal contained in larger sets
of conserved proteobacterial genes, while allowing applying ML
and Bayesian approaches in acceptable computational time. The
phylogenies based on r-proteins allowed us to robustly infer most
of the relationships among orders and families of Proteobacteria, to
assign a number of unclassified proteobacterial lineages to existing
taxa and to point out a number of discrepancies with the current
proteobacterial taxonomy that deserve further consideration. Gi-
ven the ever increasing availability of complete genome sequences,
and although additional studies and further developments are re-
quired, we anticipate that r-proteins will likely represent the next
generation standard for prokaryotic systematics.
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