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Abstract
A total of 22 genes from the genome of Salinibacter ruber strain M31 were selected in order to study the phylogenetic
position of this species based on protein alignments. The selection of the genes was based on their essential function for
the organism, dispersion within the genome, and sufﬁcient informative length of the ﬁnal alignment. For each gene, an
individual phylogenetic analysis was performed and compared with the resulting tree based on the concatenation of the
22 genes, which rendered a single alignment of 10,757 homologous positions. In addition to the manually chosen genes,
an automatically selected data set of 74 orthologous genes was used to reconstruct a tree based on 17,149 homologous
positions. Although single genes supported different topologies, the tree topology of both concatenated data sets was
shown to be identical to that previously observed based on small subunit (SSU) rRNA gene analysis, in which S. ruber
was placed together with Bacteroidetes. In both concatenated data sets the bootstrap was very high, but an analysis
with a gradually lower number of genes indicated that the bootstrap was greatly reduced with less than 12 genes. The
results indicate that tree reconstructions based on concatenating large numbers of protein coding genes seem to
produce tree topologies with similar resolution to that of the single 16S rRNA gene trees. For classiﬁcation purposes,
16S rRNA gene analysis may remain as the most pragmatic approach to infer genealogic relationships.
r 2006 Elsevier GmbH. All rights reserved.

Introduction
The central goal of taxonomy and systematics is the
achievement of a classiﬁcation system that accurately
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reﬂects natural relationships among living organisms.
Although there are profound discrepancies about what
may or may not be a ‘natural’ classiﬁcation [33], it is
unquestionable that one of the most revolutionary
developments in prokaryotic taxonomy was the reconstruction of the ﬁrst 16S rRNA gene phylogenies [12].
Since then and not without heated debates [33],
genealogies based on sequence comparisons of the small
subunit (SSU) rRNA have been consolidated as the
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standard criterion for establishing a unique backbone
for the classiﬁcation of prokaryotes [26]. The selection
of the SSU rRNA gene as a molecular chronometer [41]
was based on numerous objective reasons that at the
time led to the belief that such a single gene would reﬂect
organismal phylogenies. However, and despite more
than a quarter of a century of a fairly satisfactory
application in the systematics of prokaryotes, the use of
such a molecule as a phylogenetic marker is still heavily
questioned. The main objections to its use are that a
single gene may not be sufﬁciently representative of a
whole genome [34], it is suspected that even this gene
could experience interspeciﬁc horizontal exchange and/
or recombination [13,36,42], and that its non-protein
codifying nature could hamper the achievement of a
proper alignment, thus rendering distorted phylogenies
[11,21]. It seems, however, that this latter pitfall could be
minimized by the availability of comprehensive databases of aligned sequences, which include information of
higher order structure, enhanced by the extensive
current database [26]. Another limitation of the use of
a SSU rRNA gene as a phylogenetic marker is the fact
that genomes can contain multiple copies of genes or
operons with a signiﬁcant divergence [2,26,28,29].
In parallel to the generalized use of the SSU rRNA
gene sequence as a phylogenetic marker, alternative
genes have been tested in order to validate and/or
resolve conﬂicting phylogenies [24–26]. Phylogenetic
reconstructions based on genes as the large subunit
(LSU) rRNA, elongation factors, RNA polymerases,
ATPases and recA proteins, among others, have
rendered highly comparable topologies. However, the
resolution power of each individual gene is restricted by
the number of informative positions (i.e. size or number
of homologous sites), and only the LSU rRNA has been
shown to be a good alternative single gene phylogenetic
marker [26].
We are now at the end of the ﬁrst decade of microbial
genomics, an emerging ﬁeld that has led to enormous
expectations such as, for example, a holistic understanding of the microbial gene pool of the planet [35].
Despite the fact that it is too soon to evaluate the impact
of genomics in microbial taxonomy, the over 200 (361
published, including 41 from eukaryotes) hitherto
sequenced genomes have opened a door that has
allowed the search for alternative measurements of
organismal relationships. Thus, with the current available data set, different treeing approaches are being
evaluated, such as phylogenies based on gene content
[37], gene order, evolutionary distances between orthologs, or multiple tree reconciliation approaches [40].
However, to compare the hitherto established SSU
rRNA phylogenies, a straightforward approach to
overcome the pitfalls of protein phylogenies due to the
lack of enough informative residues may be by
concatenating genes in a single alignment. Concatenates

can range from a small set of selected proteins
(4 different genes; [6]), to whole sets of gene families
(e.g. 57 or 49 genes; [7] and [38], respectively). However,
to avoid incongruent molecular phylogenies a good
number of genes (e.g. 20 genes in a study of yeast
species; [32]) seem to be necessary. Moreover, a recent
automatic reconstruction based on the complete genome
data set resulted in good agreement with previously
established relationships [10]. The ﬁnal selection of the
31 genes to be concatenated resulted from the exclusion
of all such genes that rendered incongruent phylogenies
and were thus believed to be susceptible to horizontal
gene transfer.
Salinibacter ruber is the ﬁrst extremely halophilic
member of the Bacteria domain with demonstrated
ecological relevance [4]. This organism, which was
discovered by the use of culture independent molecular
techniques, was brought to pure laboratory culture and
classiﬁed as a new genus and species [5]. To date,
members of S. ruber have been isolated from a large
number of widely separated salterns, but all of them
have shown an enormous degree of taxonomic resemblance [30]. Phylogenetic reconstructions based on the
16S rRNA gene [5], and on the inter-spacer region
between the 16S and 23S rRNA genes [30] afﬁliated S.
ruber with the phylum Bacteroidetes, and its closest
related cultured organism was Rhodothermus marinus.
However, in all cases, and with any algorithm used, the
clade comprising R. marinus and S. ruber appeared as a
deep branch within the phylum, placed close to the node
of bifurcation of the superphylum that comprises
Bacteroidetes and Chlorobi [26]. Besides the extremophilic nature of the cultured members of both species,
the isolates appear to be aerobic and heterotrophic with
more metabolic resemblance to the members of Bacteroidetes than to the green sulfur phototrophic members
of Chlorobi. However, due to the tight branching order
of S. ruber, Bacteroidetes and Chlorobi and to the
accessibility of the genome information, we were
encouraged to test the phylogenetic reconstruction by
concatenating genes.
Our group has recently undertaken a low coverage
genome-sequencing program of our model organism S.
ruber [3]. The sequences retrieved had been used for data
mining purposes, and constituted excellent raw material
for initiating a genetic diversity survey of the species.
The sequenced portion represented more than 70% of
the M31 genome, and was comprised of over 3000
automatically annotated ORFs. In addition to our
incomplete genome-sequencing program [3], the complete genome sequence of the identical strain M31 of S.
ruber has just recently been published [27]. This
database has been an excellent tool to conﬁrm our
results and the sequences of the selected genes. Here, we
present the phylogenetic analysis of S. ruber M31 with
respect to its closest relatives for which the complete
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genome sequence is available. The selection of the genes
has been restricted to those with as low paralogy
occurrence as possible, essentiality, and presence in the
genomes of the species selected for phylogenetic
reconstruction. Here, we present the comparison of 22
single gene phylogenies with a concatenated alignment
of the same set of genes. In addition, the results were
also compared with the tree resulting from concatenating 74 genes automatically selected from among the 13
representative genomes. Altogether, the results conﬁrm
the robustness of the SSU rRNA molecule for phylogenetic analyses, and that a large number of protein coding genes are necessary to achieve a similar
resolution.

Material and methods
S. ruber M31 genomic data
The low coverage genome sequencing survey on the
type strain of the species M31 [3] constituted the raw
material to select genes for the phylogenetic analysis.
However, and due to the recent publication of the same
genome by Mongodin et al. [27], nucleotide sequences of
the selected genes were conﬁrmed from the completely
annotated genome available on the Institute for
Genomic Research website.

Selection of genomes to be compared
The genomes of the strains listed in Table 1 were
selected from those publicly available and completely
sequenced. All representative genomes of the phylum
Table 1. Selected species for which a complete genome
sequence is available and a homologous copy of all analyzed
genes had been found
Phylum

Species

Proteobacteria

Geobacter sulfurreducens PCA
Nitrosomonas europaea ATCC 19718

Firmicutes

Oceanobacillus iheyensis HTE831

Planctomyces

Rhodopirellula baltica SH1

Spirochaeta

Treponema denticola ATCC35405

Bacteroidetes

Bacteroides thetaiotaomicron VPI-5482
Bacteroides fragilis YCH46
Porphyromonas gingivalis W83
Prevotella intermedia 17
Cytophaga hutchinsonii

Chlorobi

Chlorobium tepidum TLSa
Chlorobium chlorochromatii CaD3

a

now reclassiﬁed as Chlorobaculum tepidum.

173

Bacteroidetes and Chlorobi were used for the comparative studies. Representatives of close phyla were chosen
as outgroup genomes.

Manual gene selection
The preliminary decision on the type of genes used to
reconstruct a concatenated phylogeny was made using
several different criteria: (i) the genes should represent
functional metabolisms understood as housekeeping
features, and when possible homologous to those
previously
recommended
in
similar
studies
[14,16,32,43]; (ii) the genes should be spread and distant
from each other through the whole genome of S. ruber;
(iii) the genes should be widely distributed within the
selected bacterial genomes; (iv) the genes must have an
homologous copy in at least 10 genomes of the
representative strains selected for the study (Table 1);
(v) orthology assignment of the genes should be
unambiguous upon inspection of initial trees (to
facilitate this inspection, gene families with many
duplications in the different genomes were previously
eliminated); (vi) genes should represent different protein
families responsible for different metabolic features
rather than genes with an expected synchronized
evolution, such as, for example, those involved in the
translational apparatus [7]. In total, we found 22 genes
matching these criteria (Table 2).

Automatic gene selection
The S. ruber M31 genome was blasted by the use of
the Blastp algorithm [1] against the 12 remaining
selected genomes. Genes present in at least 10 genomes
(with an E-value o1e 10) and with less than 52 hits
were selected. We arbitrarily selected this number of
hits to avoid genes with an average of more than 4
copies per genome, which we considered an excessive
number of genes to make reliable orthology assignments. Sequences giving hits were aligned with Mafft
[20] and cleaned using Gblocks 0.91 [9] with relaxed
conditions in order to preserve as much information as
possible: ‘‘Minimum number of sequences for a conserved position’’ and ‘‘Minimum number of sequences
for a ﬂank position’’ were both half the number of
sequences, ‘‘Maximum number of contiguous nonconserved positions’’ was 10, ‘‘Minimum length of a block’’
was 5 and ‘‘Allowed gap positions’’ was ‘‘With half’’.
An initial tree was estimated by maximum likelihood
using Phyml [15] with the JTT model of protein
evolution [18] and a gamma rate distribution using 4
rate categories and a proportion of invariable sites. The
gamma rate and the proportion of invariable sites were
estimated from the data. In the resulting trees, two
topology ﬁlters were applied to try to avoid the use of
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sequences with a paralogous relationship. First, all trees
where multiple sequences of the same species did not
appear monophyletic were discarded. When multiple
sequences of the same species were monophyletic, only
the sequence with the shortest branch in the tree was
selected. This ﬁlter eliminated gene families where the
risk of selecting paralogues was too high, giving a
remainder of 152 genes. However, even upon applying
this ﬁlter some obvious non-orthologues remained, and
particularly some affecting S. ruber. Thus, a second
ﬁlter was applied in which gene families with trees
where Bacteroidetes, Chlorobium and S. ruber did not
appear monophyletic were eliminated. These three
groups could appear in any order in the selected
families. The rationale for the application of this ﬁlter
is that genes that are not able to recover an obvious
clade, as supported by previous studies [25], may not be
good for resolving the more difﬁcult trichotomy of
interest. In addition, this procedure selects genes
sharing a common history, most surely the history of
the organism. However, the use of the families that did
not pass the second ﬁlter produced the same topology,
indicating that this was not essential to ﬁnd the
phylogenetic position of Salinibacter (not shown). To
be stricter in the selection of genes, we applied the two
ﬁlters, which gave rise to 88 genes. Cleaning the
alignments of these genes with Gblocks using stringent
parameters (everything default except that ‘‘Allowed
gap positions’’ was ‘‘With half’’), which are better for
gene concatenation, eliminated all positions from 14
alignments. Thus, the ﬁnal automatically selected set
was composed of 74 genes.

Tree construction
Each individual gene alignment was used to reconstruct its phylogeny by using the maximum likelihood
algorithm with Phyml [15] and the same conditions as
for the initial trees of the automatic procedure (see
above).
To reconstruct the concatenated trees, the genes that
fulﬁlled the requisites proposed for the two data sets
were concatenated, after applying Gblocks with stringent conditions, into two single alignments, respectively.
From each alignment, a maximum likelihood tree was
constructed with Phyml using the same parameters as
above, except that 6 rate categories were used for the
gamma distribution.

Bootstrap support in concatenates with different
numbers of genes
To measure the bootstrap support as a function of the
number of concatenated genes, sets of 4–16 genes were
randomly chosen from the manually selected genes and

concatenated. For each set, a total of 20 random
concatenates were generated. The support of the clade
uniting S. ruber with Bacteroidetes for each individual
sample was measured by calculating 100 bootstraps with
Phyml, and taking from the consensus tree the bootstrap
support of this clade. For those few alignments where
the consensus tree showed a different branching pattern,
the percent number of times in which S. ruber appeared
together with Bacteroidetes was calculated from the 100
bootstrap trees. Finally, the average of the 20 bootstrap
values of each gene set was calculated.

Results and discussion
In the present study 22 genes were manually selected
to perform the main phylogenetic analysis. Only those
genes that fulﬁlled the strict criteria listed in the Material
and methods section were used. The complete initial
selection of the genes was comprised of 39 genes, 17 of
which were removed from the study because they either
presented paralogy in S. ruber M31, or showed irregular
alignments with a small number of conserved homologous positions after being ﬁltered with the Gblocks
program [9]. The remaining 22 genes represented
different metabolic mechanisms and appeared well
scattered within the genome (Table 2).
The phylogeny of all genes was individually reconstructed with the maximum likelihood algorithm, as
implemented in the Phyml program [15]. The 22
different reconstructions fell into the three different
categories as shown in Fig. 1. In the most frequent tree
topology, with 54% of the cases, M31 afﬁliated with the
members of the phylum Bacteroidetes (genes: ileS, pyrG,
rpsC, S5, rpoC, rpoB, gyrB, thrS, mfd, ftsY, tuf, uvrA-2;
Fig. 1a). These branching orders were followed by a
topology where M31 afﬁliated with the single representative of the phylum Chlorobi, in 27% of the cases
(genes: ffh, glyA, recN, ruvB, recG, rho; Fig. 1b). The
third most frequent topology was that where M31
afﬁliated outside both phyla, but still with the superphylum comprising Chlorobi and Bacteroidetes. This last
case included 18% of the genes (genes: groEL, recA,
uvrA, valS; Fig. 1c). It is remarkable here that recA did
not support the phylogeny based on SSU rRNA [4,5],
nor the global results after concatenation. recA has been
used for identiﬁcation and classiﬁcation purposes (e.g.
[19,31]), despite the fact that it has been shown to lack
resolving power and to have undetected paralogy effects
[25]. Additionally, some of the genes initially analyzed
(e.g. lig, pgk, moxR, pckA, proA) showed tree topologies
that most probably corresponded to paralogous sequences. Some studies have explained these phenomena
in terms of horizontal gene transfer [10,13,27]. However,
as the genomic information increases, it becomes more
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Table 2.
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Genes used in the present work for complete phylogenetic analysis

Gene

Protein

Lengtha % after Gblocksb Afﬁliationc Gene positiond

GOe

recG
recN
rho
ffh
ruvB
glyA
mfd
rpoB
ileS
FtsY
rpoC
rpsC
S5
thrS
tuf
uvrA-2
gyrB
pyrG
valS
recA
uvrA
groEL

ATP-dependent DNA helicase
Recombination/replication protein
Transcription termination factor
Signal recognition protein
Holliday junction helicase subunit A
Serine hydroxymethyl transferase
Transcription-repair coupling factor
DNA directed RNA polymerase beta subunit
Isoleucyl t-RNA synthetase
signal recognition particle-docking protein FtsY
RNA polymerase beta subunit
Ribosomal protein S3
Ribosomal protein S5
Threonyl t-RNA synthetase
Translation elongation factor G
Excinuclease ABC subunit A-2
DNA gyrase subunit B-2
CTP synthase
Valyl t-RNA synthetase
Recombination protein
Excinuclease ABC subunit A
Chaperonin Hsp 60 1

700
572
472
461
344
432
1142
1335
1080
339
1448
236
175
694
396
1016
652
567
901
353
981
570

0004003
0006310
0003715
0048501
0016055
0004372
0006281
0003899
0004822
0005786
0003899
0009283
0009283
0004829
0003746
0009381
0003918
0003883
0004832
0006310
0009381
0005515

70%
78%
48%
82%
80%
72%
59%
68%
64%
79%
79%
75%
88%
72%
95%
35%
70%
84%
62%
73%
38%
76%

(553/785)
(462/585)
(371/770)
(412/502)
(311/384)
(384/531)
(815/1364)
(1120/1629)
(940/1459)
(299/376)
(1314/1652)
(196/260)
(157/178)
(618/848)
(385/403)
(822/2295)
(587/832)
(500/592)
(718/1155)
(313/428)
(781/2028)
(510/666)

Chlo
Chlo
Chlo
Chlo
Chlo
Chlo
Bact
Bact
Bact
Bact
Bact
Bact
Bact
Bact
Bact
Bact
Bact
Bact
Bact/Chlo
Bact/Chlof
Bact/Chlo
Bact/Chlo

361774y363876
1015436y1017154
2769096y2770514
2025515y2026900
1441721y1442755
986911y988209
61566y64994
2173447y2177454
611236y614478
2687022y2687996
2168989y2173335
1323483y1324193
1328851y1329378
3458760y3458833
1317874y1319064
2971341y2974391
3003154y3005112
724839y726536
2530916y2528211
1907949y1909010
601430y604375
2622845y2624527

a

Length of the original protein in M31.
Percentage of the original protein remaining after ﬁltering with Gblocks, in brackets the absolute number of the remaining homologous positions,
and the original length of the alignment.
c
Afﬁliation of M31 after the individual reconstructions.
d
Gene position in the complete genome of M31 [27].
e
GO_numbers of each gene.
f
In its tree, R. baltica branches off between S. ruber and the Bacteroidetes/Chlorobium group.
b

evident that there may be other genetic forces responsible for phylogenetic discrepancies rather than gene
exchange [22,23,25]. Such incongruencies can be attributed to the difﬁculty of obtaining orthologous sequences, different mutation rates that distort the
phylogenetic results, lack of resolution power due to
small alignments, choice of sampled taxa and/or
assumptions in the election of the substitution model
[8,32,39]. Most of the tree topologies placed Salinibacter
M31 with the superphylum Chlorobi-Bacteroidetes, a
phylogenetic relationship that agreed with the 16S
rRNA gene sequence analysis [4,5]. However, due to
the relatively high percentage afﬁliation with Chlorobi
(27%) in relation to Bacteroidetes (54%) one could
conclude that the branch comprising the genus S. ruber
must have diverged at a very early stage, close to the
divergence of the two main phyla of the superphylum.
Actually, it cannot be discarded that the branch
comprising the two genera S. ruber and R. marinus
represents a new phylum within the domain Bacteria.
To avoid stochastic problems with single genes, the
best approach to validate the 16S rRNA gene phylogeny
of S. ruber can be obtained from a comparison with the
concatenation of essential and genetically, metabolically,

and genomically unlinked genes. As in similar analyses
[7,8,10,17,32], we concatenated the 22 selected genes into
a single alignment with 10,757 homologous positions.
The resulting tree shown in Fig. 2 was obtained after
performing maximum likelihood analysis as implemented in the program Phylml. This tree showed a topology
identical to that observed for the SSU rRNA gene
analysis, in which S. ruber afﬁliates with Bacteroidetes
[4,5]. Branches with low bootstrap values (i.e. the
branching of Rhodopirellula baltica and Treponema
denticola) also rendered irresolvable branching orders
in the 16S rRNA gene analysis. It can be assumed that a
tree based on an alignment nearly 10 times larger than
that of the SSU rRNA may show major robustness in its
results. Actually, the branching order of this tree (Fig. 2)
is very strongly supported by the high bootstrap values,
in most of the cases with 100% frequency. The tree is
based on selected genes that are distantly placed within
the genome, and represent different metabolisms of the
cell. One can thus assume that the concatenated tree may
reﬂect the organism’s phylogeny. Given that the tree
branching pattern is identical to that of the SSU
rRNA we can conclude that previously calculated trees
[4,5] may also reﬂect the phylogeny of the organism and
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A. PyrG

Bacteroidetes fragilis YP_099886

74
100

Bacteroidetes thetaiotaomicron NP_809503

100

Prevotella intermedia PINA1923

98

Porphyromonas gingivalis NP_904 820

58

Cytophaga hutchinsonii ZP_00311101
Salinibacter ruber YP_444 693

100

Chlorobium chlorocromatii YP_378411

100
83

Chlorobium tepidum NP_661048
Geobacter sulfurreducens NP_952944

99

Nitrosomonas europaea NP_841114
64

Rhodopirellula baltica NP_870297
Tr eponema denticola NP_952944
Oceanobacillus iheyensis NP_693929

0.1

100

B. GlyA

84

Bacteroidetes fragilis YP_09948 5
Bacteroidetes thetaiotaomicron NP_8096 51

98

Porphyromonas gingivalis NP_904395

74

Prevotella intermedia PIN0101
Cytophaga hutchinsonii ZP_00309740

100

Chlorobium tepidum NP_662473

100

Chlorobium chlorocromatii YP380083

54

61

Salinibacter ruber YP_44491 2
Geobacter sulfurreducens NP_952 658

57

Nitrosomonas europaea NP_841474
Rhodopirellula baltica NP_867123

58

Tr eponema denticola NP_973266
Oceanobacillus iheyensis NP_693907

0.1

100

C. GroEL

99

Bacteroidetes thetaiotaomicron NP_810742
Bacteroidetes fragilis YP_100673

100
99
59
78

Prevotella intermedia PINA1797
Porphyromonas gingivalis NP_904815
Cytophaga hutchinsonii ZP_00310575

100

Chlorobium chlorocromatii YP_379609
Chlorobium tepidum NP_661430

57
33

Salinibacter ruber YP_444383
Geobacter sulfurreducens NP_954380
Nitrosomonas europaea NP_840129

17

Treponema denticola NP_971783
Rhodopirellula baltica NP_868643

0.1

Oceanobacillus iheyensis NP_691577

Fig. 1. Phylogenetic reconstructions of three selected gene products based on maximum likelihood as implemented in the program
Phyml. (a) CTP synthase (pyrG), afﬁliates with Bacteroidetes; (b) glyA, afﬁliates with Chlorobi; (c) Chaperonin Hsp 60 (groEL),
afﬁliates with the superphylum Bacteroidetes-Chlorobi, but outside both phyla. Numbers above the branches represent bootstrap
support from 100 replicas. The scale bar represents 0.1 substitutions/position.

not only the genealogy of an insigniﬁcant portion of the
whole genome.
In order to validate the manually aligned tree, we
automatically selected a total of 74 orthologous genes
present in at least 10 of the 13 full genomes analyzed in
the current study. The ﬁnal alignment contained 17,149

homologous positions. The tree topology observed with
this latter approach was identical to that of the 22 genes,
and also linked S. ruber to Bacteroidetes with 100%
support (not shown). A similar analysis using 152 genes
selected after the application of less strict ﬁlters to
avoid paralogous sequences, also reproduced the same
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100
100
100

Bacteroidetes fragilis
Bacteroidetes thetaiotaomicron
Prevotella intermedia
Porphyromonas gingivalis

Cytophaga hutchinsonii
Salinibacter ruber
100

41

Chlorobium chlorocromatii
Chlorobium tepidum
Rhodopirellula baltica

100

Geobacter sulfurreducens
Nitrosomonas europaea

32

Tre ponema denticola
Oceanobacillus iheyensis

Bootstrap

100
99

100
90
80
70
60
50
40
30
20
10
0
4

topology regarding the grouping of S. ruber and
Bacteroidetes. In this case this grouping showed a
bootstrap support of 87% (not shown).
Finally, we wanted to know how many genes were
necessary to obtain such good support for the phylogenetic placement of S. ruber. To test this, we proceeded
with the analysis of different data sets based on the 22
manually aligned genes. The data sets were composed of
concatenations that ranged from 4 to 16 randomly
selected genes (with 20 samples each) and they were used
to analyze the bootstrap support for the afﬁliation of S.
ruber and Bacteroidetes as a function of the size of the
concatenated alignments. As can be seen in Fig. 3, the
increase of the number of genes in the analysis resulted
in the stabilization of the branching orders, which is
reﬂected by increased bootstrap values. From this plot,
it can be deduced that a stable phylogeny for S. ruber
(i.e. 490% bootstrap support) can only be achieved by
the use of at least 12 independent genes. Reconstructions performed with smaller sets of genes rendered trees
with much lower support.
Being pragmatic, and in the light of the present study,
it can be concluded that for classiﬁcation purposes the
SSU rRNA gene phylogenetic reconstruction may be a
very convenient option. Results like this reinforce the
fact that the use of the SSU rRNA for microbial
taxonomy purposes may still be the approach of choice
when a given strain is to be classiﬁed and no genome
data is available. In addition, as already stated by Rokas
et al. [32], our results also show that a robust tree made
from protein sequences should contain a large number
of protein alignments. Smaller alignments may suffer
from greater inﬂuence of each single gene and the
branching orders observed may lack stability.

8

12

16

Number of genes

0.1

Fig. 2. Phylogenetic reconstruction based on the concatenation of the 22 selected genes. The analysis was based on an
alignment of 10,757 homologous positions. The tree shown is
based on the maximum likelihood algorithm as implemented
in the program Phyml. Numbers above the branches represent
bootstrap support from 100 replicas. The scale bar represents
0.1 substitutions/position.

177

Fig. 3. Bootstrap support for the afﬁliation of S. ruber with
Bacteroidetes in samples with different numbers of genes. The
line connects the average of 20 samples analyzed for each data
set with different number of genes.
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