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Eubacterial phylogeny based on translational
apparatus proteins
Céline Brochier, Eric Bapteste, David Moreira and Hervé Philippe
Lateral gene transfers are frequent among
prokaryotes, although their detection
remains difficult. If all genes are equally
affected, this questions the very existence
of an organismal phylogeny. The complexity
hypothesis postulates the existence of a
core of genes (those involved in numerous
interactions) that are unaffected by
transfers. To test the hypothesis, we studied
all the proteins involved in translation from
45 eubacterial taxa, and developed a new
phylogenetic method to detect transfers.
Few of the genes studied show evidence for
transfer. The phylogeny based on the genes
devoid of transfer is very consistent with
the ribosomal RNA tree, suggesting that an
eubacterial phylogeny does exist.

The completion of many genome sequence
projects has revealed the fundamental
importance of lateral gene transfers

(LGTs) in prokaryotic evolution [1–3].
Even the very existence of an organismal
phylogeny has been questioned. However,
phylogenetic trees based on gene content
[4] are remarkably similar to the
phylogeny based on ribosomal RNA
(rRNA), which is currently the most
widely accepted [5]. This indicates that
LGT, although frequent, has not
completely erased the phylogenetic signal.
It has been proposed that genes
encoding proteins involved in multiple
interactions are less likely to be transferred
(the complexity hypothesis) and therefore
represent a conserved core of genes that
defines the prokaryotic phylogeny [6].
Here, we have studied all proteins
classified as involved in translation and
inferred a bacterial phylogeny of 45 species.
Among these proteins, we selected
57 proteins that were present in at least

42 species and that have no (or very few)
duplicated copies. We concatenated the
sequences of the 57 genes into a large
fusion (~ 9000 amino acid positions). The
phylogeny based on this fusion is very
similar to that inferred from rRNA and
gene content. Detailed analysis revealed
that 13 out of the 57 gene phylogenies
were INCONGRUENT (see Glossary) with the
phylogeny based on the fusion of the
57 genes, either due to methodological treereconstruction problems or to a few recent
LGTs. A true organismal phylogeny for
Bacteria seems to exist, which could be
fully resolved by the analysis of a core
group of very rarely transferred genes.
Phylogenetic analysis of a large
protein fusion

For our analysis, we retrieved from the
public databanks and from ongoing

Glossary
Congruence and incongruence: Congruence is the agreement between phylogenies
obtained using different datasets or different reconstruction methods. Trees are
perfectly congruent if they display the same topology; that is, they reflect the same
evolutionary history. By contrast, incongruent trees show conflicting robust nodes,
which could be due to different evolutionary histories (e.g. lateral gene transfers) or
tree reconstruction problems.
Γ law: Traditional models of sequence evolution assume that all positions in the
sequences are equally likely to undergo a substitution, which reduces the complexity
of these models. However, in reality, positions in sequences are more or less ‘free’ to
vary; that is, they have different probabilities of undergoing substitutions. This limits
the biological realism of traditional models and their efficiency for phylogenetic
reconstruction. The variation of substitution rates is commonly approximated using
a gamma distribution, also known as a Γ law, which has a shape parameter α that
specifies the range of rate variation [a]. Small α values result in an L-shaped
distribution with extreme variation of rates (most sites are invariable, but a few have
very high substitution rates). As α gets larger, the range of variation diminishes, until
α approaches infinity and all sites have the same substitution rate.
HKY model: The Hasegawa, Kishino and Yano [b] model of sequence evolution is
a merger of the Felsenstein [c] and the Kimura two-parameter models [d], which
allows transitions and transversions to occur at different rates and base frequencies
to vary during the course of evolution, respectively.
Jack-knife analysis: A statistical method to evaluate the robustness of an inference.
It is based on the construction of random sub-samples of the original alignment by
taking a fraction of the positions without replacement (in contrast to the bootstrap
method, which allows replacement). Usually, trees are reconstructed with the
random sub-samples and the robustness of each node is estimated as the number
of its occurrences among these trees [e].
Log–Det method: A method to evaluate evolutionary distances that are consistent
for sequences with different nucleotide or amino acid composition [f]. This
approach is required because other methods tend to group sequences on the
basis of their composition, irrespective of their evolutionary history.
Kishino–Hasegawa test: A test used for the estimation of incompatibility between
alternative tree topologies with the same taxonomic sampling but obtained using
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different datasets [g]. Two tree topologies are significantly different if the
differences of their likelihood values (expressed as the ∆lnL, where L is the
likelihood) is larger than 1.96 standard error in the estimation of likelihood. For a
recent criticism of this test see Ref. [h].
Principal component analysis (PCA): This involves a mathematical procedure that
transforms a number of (possibly) correlated variables into a (smaller) number of
uncorrelated variables called principal components. The first principal component
accounts for as much of the variability in the data as possible, and each succeeding
component accounts for as much of the remaining variability as possible. Principal
components are obtained by projecting the multivariate data vectors on the space
spanned by the eigen vectors.
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Fig. 1. Unrooted maximum-likelihood (ML) phylogenetic trees constructed for the protein fusion P1 (a) and the
rRNA fusion R (b). The currently accepted taxonomic groups are indicated with different colours. Numbers at
nodes are bootstrap proportions. Note that the use of almost twice as many positions for fusion P1 (8857) than for
fusion R (3704) does not significantly increase the resolution of intergroup relationships, which might be reflecting
a strong level of mutational saturation in sequences and/or a rapid diversification (radiation) at the origin of
these bacterial phyla. The scale bar corresponds to five changes per 100 positions for a unit branch length.
The trees with all the species names are available upon request. The fusions and alignments are available at
http://sorex.snv.jussieu.fr/translation/translation.html.

genome projects sequences homologous to
all Escherichia coli proteins classified as
involved in translation in the Cluster of
Orthologous Genes (COG) database [7],
as well as the 16S and 23S rRNAs. We
aligned 76 proteins from 45 bacterial
species, having eliminated any proteins
that are present only in a restricted sample
of phyla (see http://sorex.snv.jussieu.fr/
translation/translation.html). In addition,
as a sample of transferred genes, we used
the tRNA synthetases (tRS), most of
which are known to have undergone
numerous LGTs (perhaps related to
antibiotic resistance [8,9]). The 76 genes
were analysed individually, and 19 of
them were excluded from further analyses
because they were: (1) difficult to align
reliably, (2) present in less than 42 of the
45 species, or (3) have more than one copy
for certain phyla (indicating possible
ancient duplications and losses, and/or
LGTs). The remaining 57 genes, after
elimination of ambiguously aligned
regions (alignments available on our
website), were concatenated for the
45 bacterial species into a large fusion
of 8857 amino acids (fusion P1). Most of
http://tig.trends.com

the best-known bacterial phyla were
represented, of which we had a broad
taxonomic sampling for Proteobacteria
and Gram-positive bacteria. We do not
use Archaea as an outgroup, because this
would seriously reduce the number of
aligned positions and the long archaeal
branch could generate a tree
reconstruction artefact [e.g. 10,11].
All distance (NJ), maximum parsimony
(MP) and maximum-likelihood (ML)
phylogenetic methods retrieved very
similar trees from this fusion. The
monophyly of most accepted phyla
(e.g. Proteobacteria, low-GC-content
Gram-positives, high-GC-content Grampositives, Spirochaeta and Cyanobacteria)
was retrieved with high statistical support
(Fig. 1a). The topology was almost
CONGRUENT with that obtained for the same
45 species using a fusion of 16S and 23S
rRNAs as phylogenetic marker (fusion R,
3704 nucleotide positions; Fig. 1b).
Relationships within phyla were almost
identical for both phylogenies (see website)
and the most important difference was the
position of mycoplasmas, which emerged
far from the low-GC Gram-positive clade in

the rRNA tree, whereas in the proteinfusion tree they emerged within low-GC
Gram-positives with a high bootstrap
support (bootstrap proportion [BP] of 90%).
This confirmed previous reports
suggesting that protein sequences reflect
more accurately the phylogenetic position
of mycoplasmas [12]. The resolution of
the interphyla relationships was poor
(BP < 90%), as frequently observed [4,5],
despite the use of ~9000 amino acid
positions (Fig. 1a).
One exception, both for the protein and
rRNA fusions, was the high statistical
support (BP of 100%) obtained for two
interesting clades. The first grouped the
hyperthermophiles Aquifex aeolicus and
Thermotoga maritima, and the second,
the green sulfur bacterium Chlorobium
tepidum and the cytophagal
Porphyromonas gingivalis. However, the
proximity of Aquifex and Thermotoga
was probably due to a bias in amino acid
composition because of their thermophilic
lifestyle [13]. The sisterhood of green
sulfur bacteria and cytophagales, which
has been observed previously and led to
the proposal for a new bacterial kingdom
[9], was more reliable because amino
acid composition seemed unbiased. The
grouping of high-GC Gram-positives with
Deinococcus radiodurans (BP of 81%) is
more surprising (Fig. 1a) because neither
clear biological features nor genomic ones
support this grouping [14]. However, their
genomes are all GC-rich, which biases the
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amino acid composition [13]. As in the case
of rRNA (Fig. 1b) and of certain proteins
[15], Deinococcus also clustered with
cyanobacteria in our gene fusion when
we used the LOG-DET METHOD, which is
less sensitive to amino acid composition
bias [16] (see website).
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A new tool to estimate phylogenetic
congruence

We did not use the standard
KISHINO–HASEGAWA TEST [17] to analyse
the congruence between the individual
57 proteins, the fusion P1 and the rRNA
fusion because of its recently described
intrinsic flaws [18]. Instead, we have
developed a new method that allows the
simultaneous analysis of the congruence
between many markers within a
reasonable computing time (see website).
Each dataset is described by its likelihood
for 375 topologies as a sample of all the
possible topologies, and the likelihood
values for all datasets are then analysed
by a PRINCIPAL COMPONENT ANALYSIS (PCA).
For our datasets, the first two axes of the
PCA explained almost all the variance
(83% and 7%, respectively). Figure 2,
which displays these first two axes of our
PCA, is therefore sufficient to describe our
results adequately.
We studied the impact of stochastic
effects through a JACK-KNIFE ANALYSIS. We
generated 1600 random sub-samples of
our large P1 alignment (8857 positions)
with various sizes (50 positions, black;
150 positions, blue; 250 positions, purple;
and 2000 positions, lilac, respectively,
on Fig. 2). The random sub-sample dots
clearly appear within four groups mainly
distributed along the first (x) axis, which
correspond to the four different sequence
sizes used (the smallest on the right and
the largest on the left). The regression
line is computed for all the sub-samples
and, as expected, the point corresponding
to the fusion P1 (upper left in Fig. 2) is
located near this line. This regression line
is close to axis 1, which can be interpreted
as mainly corresponding to sequence size,
whereas axis 2 (y) mainly corresponds
to incongruence between markers. The
points corresponding to the sub-samples
show a dispersion perpendicular to the
regression line (i.e. level of incongruence)
that is slightly inferior to that observed
for real genes (except for a few 50-site
sub-samples). This is not surprising,
because real genes can be subjected to
specific biases (e.g. fast evolutionary rates
http://tig.trends.com
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Fig. 2. Principal component analysis (PCA) of the likelihood values estimated for 375 tree topologies for different
protein and rRNA datasets. The first (x) axis (83% of the variance) mainly corresponds to sequence size, and the
second (y) axis (7% of the variance) to congruence among datasets. Orange, genes that were suspected to have
undergone lateral gene transfer (LGT) and/or duplications; green, the 57 genes for which LGT was not suspected a
priori; red, to protein (P1, P2, P3, and P4) and rRNA (R, R-Γ, and R-tv) fusions; crosses, random sub-samples of the P1
fusion of 50 (black), 150 (blue), 250 (purple), and 2000 (mauve) sites, respectively. The regression line for these
random sub-sample points is shown. The distance to this regression line is indicative of congruence with fusion P1. A
gene that was congruent despite a priori suspected LGT, Ala–tRS, is marked by an orange arrow, and a gene for which
LGT was detected a posteriori because of its incongruence, EF-G, is marked by a green arrow.

or biased amino acid compositions for
some species) that do not affect to the
random sub-samples, and thus they
can be more incongruent owing to tree
reconstruction artefacts.
We also concatenated the 44 proteins
for which LGTs were not detected
a posteriori (fusion P2, 6436 positions)
and the 13 proteins for which LGTs
were detected a posteriori (fusion P3,
2422 positions). Finally, the 39 proteins
suspected a priori to have undergone
LGTs (tRS and proteins with multiple
copies for some phyla) were concatenated
in the P4 fusion (11108 positions).
Possible causes of incongruence

Most of the 57 translation proteins for
which extensive paralogy was not detected
a priori (green diamonds, Fig. 2) form a
compact group of points, suggesting that
they are congruent (namely, they share
the same evolutionary history even if the
trees inferred from individual markers
could be different from the one in Fig. 1a
because of stochastic effects). By contrast,
the 39 proteins for which LGT or paralogy
were suspected a priori (orange diamonds,
Fig. 2) appear very dispersed, which

confirms the lack of congruence between
them and the 57 others. Nevertheless, the
two groups of points are not separated
entirely. Points can overlap because:
(1) stochastic errors due to the small size
of some genes (see above);
(2) lack of LGTs for some of the 39 proteins
for which LGTs was a priori suspected;
(3) LGTs for some of the 57 other proteins;
(4) tree reconstruction artefacts.
The Ala–tRS (orange arrow, Fig. 2) and
Cys–tRS are two good examples for the
second case (see website). Ala–tRS seems
devoid of LGT, at least within the current
sample. Cys–tRS only shows LGTs from
Bacteria to Archaea [9], which are not
considered here, and a probable ancient
duplication in high GC Gram-positives
that does not bias phylogenetic inference.
More interestingly, our method allowed
the detection of LGTs. A striking example
concerns the elongation factor G (EF-G,
green arrow, Fig. 2). The analysis of an
exhaustive EF-G dataset (103 sequences)
reveals a very probable case of
LGT between β- and γ-Proteobacteria
(see website).
In addition to LGT, tree reconstruction
artefacts can constitute a major problem,
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as is well illustrated by the comparison
between the protein and rRNA fusions.
When a simple model of sequence
evolution is used (HKY MODEL, with equal
substitution rate for all the positions [19]),
the rRNA point (R in Fig. 2) appears
incongruent with proteins (i.e. far from
the regression line). However, when
among-site rate variation is taken into
account through a Γ LAW, rRNA (point R-Γ)
becomes more congruent. A comparable
effect is found when only transversions
are taken into account (point R-tv).
Transversions are less affected by
compositional GC-bias [20], whereas a
Γ law describes the evolution of sequences
more accurately [21]. Therefore, the use
of any of these approaches improves the
inference of the rRNA phylogeny, and it is
especially significant that both increase
congruence with protein phylogeny.
Incongruence and lateral gene transfer

It has been suggested that combining
datasets with different evolutionary
histories could increase their explanatory
power, and thus improve the phylogenetic
inference (i.e. the signal but not the
noise will increase) [22]. However, the
concatenation of the 39 translational
genes that seem a priori to have had
different histories because of LGT events
and duplications (point P4, Fig. 2) is
highly incongruent with the rest of genes.
This case is nevertheless extreme because
of numerous LGTs, often between very
distant taxa (e.g. the Val–tRS of Rickettsia
is of archaeal origin). We have focused on
the 13 genes without a priori LGT that
were the more distant from the regression
line (Fig. 2); that is, less congruent
with the protein fusion P1 phylogeny.
Surprisingly, a detailed analysis of their
phylogeny strongly suggests LGTs in only
five cases (EF-G, FMT, PTH, KsgA and
Rpl7). For the remaining eight genes (IF2,
Rpl5, Rpl9, Rpl15, Rpl18, Rpl24, Rpl29
and Rps5), the incongruence seems to be
due to their short sequence size, gene
specific bias or LGTs too ancient to be
easily identified. Interestingly, the fusion
of these 13 genes (2422 positions; point P3,
Fig. 2) is congruent with the complete
fusion, because P3 is located within the
group of the 2000-position random subsamples. Therefore, it is not reasonable
to concatenate genes with different
evolutionary histories unless the
discrepancies are small [23] (compare
P3 and P4, Fig. 2). The fusion based on the
http://tig.trends.com
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44 congruent genes (6436 positions; point
P2, Fig. 2) is logically close to the complete
fusion (P1) because of a major overlap of
data. Interestingly, this fusion P2 is closer
to the rRNA points than P1 (i.e. it is more
congruent with rRNA), indicating that the
rRNA operon and these 44 proteins have
undergone a similar phylogenetic history.
Conclusions

The reconstruction of a robust bacterial
phylogeny could be possible only if a core of
conserved markers not affected by LGT
exists. We have shown that the rRNAs and
the 44 translational proteins constitute an
important part of this core. Nevertheless,
we have found that an important subset
of the translational apparatus proteins
(21 out of 76, plus most tRS) does not belong
to this core, some of them undergoing
recurrent LGT (e.g. Rps14 [24]). Other
candidate members of the conserved core
should obviously be searched among the
universally distributed proteins, such
as DNA gyrase. The probability of the
successful transfer of such a gene is very
low because its orthologue is already
present in the receiving genome, because
the new gene has several disadvantages
(i.e. poorer gene regulation, inferior
translation accuracy because of nonoptimal codon usage, and worse interaction
with the host proteins). To replace the host
orthologue, the selective advantage of the
new gene (e.g. resistance to antibiotics)
has to be large enough to circumvent all
these disadvantages [25].
The analysis of all the genes of the
conserved core should fully resolve the
bacterial phylogeny, but this will require
tree reconstruction methods that are able
to handle major biases such as the amino
acid composition [16] or the covarion
structure [26,27]. Our phylogeny (Fig. 1a)
should therefore be considered as a
reasonable approximation of the
organismal phylogeny because it is
probable that specific evolutionary
properties of ribosome are not correctly
handled by current reconstruction
methods. At any rate, the fact that three
different approaches in analysing the
bacterial phylogeny (rRNA phylogeny,
gene content and our multiprotein
phylogeny) converge towards a similar
result strongly suggests that a true
bacterial evolutionary history can be
reconstructed. This further implies that
bacterial organismal identity exists
despite frequent LGTs. This conclusion

has to be taken into account when
developing a new definition of the much
debated species concept for prokaryotes,
such as the ‘species genome’ concept [28].
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Eukaryotic genes in Mycobacterium tuberculosis could
have a role in pathogenesis and immunomodulation
Junaid Gamieldien, Andrey Ptitsyn and Winston Hide
Acquisition of new genetic material
through horizontal gene transfer has been
an important feature in the evolution of
many pathogenic bacteria. Here, we report
the presence of 19 genes of eukaryotic
origin in the genome of Mycobacterium
tuberculosis, some of which are unique to
the M. tuberculosis complex. These genes,
having been retained in the genome
through selective advantage, most
probably have key functions in the
organism and in mammalian tuberculosis.
We explore the role these genes might have
in manipulation of the host immune system
by altering the balance of steroid hormones.

Mycobacterium tuberculosis is a Grampositive bacterium that causes
approximately three million deaths
annually and infects an estimated third
of the world’s population, making it the
most successful human pathogen. The
primary site of infection is the lung, where
it is initially ingested by pulmonary
macrophages in the lower lobes before
multiplying intracellularly.
Many bacterial pathogens have evolved
the capacity to produce virulence factors
that are directly involved in infection and
disease. Changes in the genetic repertoire,
occurring through gene acquisition and
deletion, are the major events underlying
the emergence and evolution of bacterial
pathogens [1]. Although horizontal
transfer of virulence determinants
http://tig.trends.com

between bacteria is the most common
mechanism for acquisition of new genetic
material [2–5], the genomes of two
obligate intracellular pathogens,
Chlamydia trachomatis and Rickettsia
prowazekii, harbour a number of
eukaryote-like virulence genes, some
of which are shared between the two
organisms [6]. M. tuberculosis has
recently been reported to have the highest
number of eukaryotic–prokaryotic
interkingdom gene fusions of all the
sequenced bacterial genomes [7]. The
individual ‘fused’ genes, however, do not
offer immediate clues with respect to the
organism’s virulence mechanisms.
To determine whether the acquisition
of eukaryotic genes by horizontal gene
transfer is an important feature in the
evolutionary history of the pathogenic
mycobacteria, we developed a system of
stepwise elimination that identifies

eukaryotic-like genes in a bacterial
genome. The system, similar to that
employed by Wolf et al. [6], compared
BLASTP [8] E-VALUES (see Glossary) for
each predicted M. tuberculosis protein
against bacterial and eukaryotic subsets
of GenBank as a preliminary screen for
horizontal transfer candidates. Proteins
that scored higher against eukaryotes
than bacteria, with at least ten orders of
magnitude difference in E-values, were
selected as possible candidates for
horizontal gene transfer. All mycobacterial
protein sequences were removed from the
bacterial subset to allow us to identify
more ancient gene acquisitions, as well as
those unique to M. tuberculosis.
In the next step, candidate proteins
were compared against a complete
non-redundant protein database using
the NCBI PSI-BLAST search engine
(http://www.ncbi.nlm.nih.gov/blast [8]).

Glossary
Bootstrapping: Estimates confidence levels of inferred relationships by resampling the original data matrix
through random replacement of characters and reconstruction of the phylogeny, for a predetermined number
of iterations, and determining the frequency that any internal node is recovered.
E-value: The expected number of matches that would occur by chance, with an equal or better score, in the
given database search.
Maximum-likelihood method: Infers phylogenetic relationships using a pre-specified model of sequence evolution.
Neighbour-joining method: Infers a branching tree diagram from a sequence similarity distance matrix by
successively clustering pairs of taxa together.
Non-congruent phylogeny: Displays a tree topology that is different from the expected or known phylogeny.
Protein-parsimony method: Parsimony methods evaluate all possible trees and select the most parsimonious
tree as the one with the minimum number of evolutionary changes.
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