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Abstract

Single-copy conserved proteins and ribosomal RNA (rRNA) genes are important molecular markers for
placement of a new bacterial species into phyla. However, accuracy and consistency of these molecular markers in
the classification have not been completely evaluated yet. In this study, 33 highly conserved proteins and three
rRNAs were used to construct phylogenetic trees for 19 bacterial phyla. Based on the topological dissimilarity of the
trees, formation of taxonomic monophyletic clades of the phyla could be compared among the markers. Our results
showed that the trees for conserved proteins and rRNAs are consistent in the classification between the 16S and
23S rRNA genes and ribosomal proteins (r-proteins) (L2, S3, S7, L14, S10 and S12) that are essential to the
translation process. To examine the monophyletic sorting efficiency of the markers, phylogenetic clades in the trees
were checked for the co-occurrence of taxa from the same phyla. Using translation initiation factor 2, 16S rRNA and
23S rRNA could assign almost all taxa correctly into the monophyletic clades. Taken together, our results suggest
that the two rRNAs and several r-proteins may be the candidate molecular markers for accurate classification of
bacterial phyla probably due to their involvement in core function of translation process.
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rRNA gene; Conserved proteins

Introduction
The current, widely accepted framework for bacterial systematics

was established based on the similarity of 16S ribosomal RNA (rRNA)
genes and other highly conserved genes [1,2]. A bacterial isolate may
be classified into different taxonomic groupings by comparison with
the sequences in the public databases such as SILVA [3] and RDP [4].
Phylogenomic analysis using concatenated conserved genes is an
alternative to locate a bacterium in the tree of life [5,6]. Genomes for
novel bacterial phyla were obtained using enrichment cultivation and
single amplified genomics. With the growing number of new bacterial
phyla in recent years, approaches to the rapid identification and
positioning of new taxonomic bacterial groups in a wide range of
environments are in high demand. Investigations of the microbial
composition of a community with high biodiversity are also
challenging because of the lack of comprehensive evaluations of the
available markers applied for the taxonomic classification.

A 16S rRNA gene sequence contains both highly conserved regions
that can be used for primer design and hyper-variable regions that are
for taxonomic positioning of a microorganism [7]. An important issue
is that a high copy number of 16S rRNA genes in a certain group of
microbes may over-estimate their proportion in the community [1].
Depending on the ecological strategy and genome size, bacteria differ
remarkably in the copy number of rRNA operons [8,9]. The wide range
of copy numbers, from one up to twelve copies [8], may lead to
inaccurate estimates of biodiversity and microbial composition in a
sample. An alternative option is to use single-copy conserved genes in
bacterial genomes as molecular markers. There are at least 38

universally conserved genes in prokaryotes [5,10]. Their ubiquitous
presence in bacterial genomes may permit precise positioning of a
bacterial isolate within the systematic phylogeny of all organisms.
However, whether the proteins encoded by these conserved genes
perform similarly compared to 16S rRNAs as molecular markers in the
phylogenetic topology of bacterial phyla remains to be answered. It is
possible that the tree of life constructed using some universally
conserved proteins differs profoundly from that based on the rRNA
genes.

Topological comparison of the phylogenetic trees is a bottleneck
problem, because similarity of taxa distribution on the branches of the
trees needs to be quantified. An algorithm was developed to project the
node and branch structure of a tree into a multi-dimensional model
[11]. As such, the topological dissimilarity between phylogenetic trees
can be estimated by the geodesic algorithm. Different from all the
traditional algorithms for calculation of Euclidean distance, geodesic
can identify the shortest connection in multi-dimensional space
between the trees with different topologies [12]. The geodesic distance
has also been applied to quantify discrepancies between phylogenetic
trees [13,14]. Using the geodesic algorithm, it is possible to compare
the performance of rRNA genes and single-copy conserved genes as
molecular makers. With the quantitative evaluation, the correlative
relationships between different markers in terms of classification
consistency can be determined.

In the present study, we evaluated rRNA genes and 33 universally
conserved genes with the goal of determining 1) topological difference
between phylogenetic trees using 16S, 23S and 5S rRNA genes; and 2)
whether universally conserved proteins perform similarly as rRNA
genes in classification of bacterial phyla. We also examined the
presence of the bacterial species from the same phyla in monophyletic
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clades, which further displayed the performance of the molecular
markers in capability of sorting the bacterial species precisely.

Materials and Methods

Collection of full-length 16S rRNA genes and corresponding
conserved genes

Clusters of Orthologous Groups (COGs) [15] were available in the
NCBI database (www.ncbi.nlm.nih.gov/COG/). In August of 2015, the
file (cog2003-2014.csv) that contained all the COG IDs was obtained
from the COG database. Among the list of COGs, the unique protein
IDs of 37 highly conserved COGs (essential bacterial genes listed in
supplementary material [5]) (Table S2) for all bacteria were pooled.
However, only a small fraction of the bacterial genomes in the NCBI
contained all of these COGs and full-length rRNA genes because of
incompleteness of the genomes.

To obtain bacterial species with full-length 5S, 16S and 23S rRNA
genes and a complete set of the highly conserved genes, all completely
sequenced bacterial genomes were downloaded from NCBI in
GenBank format. There were a total of 2785 complete genomes in
August, 2015. In reference to the protein IDs of the COGs, all the
conserved genes were searched in the GenBank files. A total of 505
bacterial species with a complete genome contained at least 33
conserved genes. These bacterial species were sorted into
corresponding phyla.

For each of the bacterial phyla, three representative genomes that
contain the 33 conserved genes were selected randomly, and the
species from different orders were preferred. All rRNA genes (5S, 16S
and 23S) were then extracted from the genomes. In the case of multiple
copies, only one was retained for analysis. The list of species was
provided in Table S3. The proteins of the 33 conserved genes were
collected in these genomes. The protein sequences of the conserved
genes and the DNA sequences of the rRNA genes were aligned with
MUSCLE3.5 individually [16], followed by manual adjustments to
delete the alignment positions with gaps for more than 50% of
sequences.

Construction of Bayesian phylogenetic inference
The aligned sequences of the conserved genes, and full-length 5S,

23S and 16S rRNA genes were used to reconstruct Bayesian
phylogenetic relationships. The best substitution model GTR+Gamma
+Invariant for DNA sequences and Blosum62+Gamma+Invariant for
proteins were recommended in the output of JModelTest 2.1 [17].
Using these models a Bayesian phylogenetic inference was generated
with ten million MCMC chains using BEAST 1.8.1 [18]. With a Burn-
in setting of 2500 [19], a consensus tree was produced and posterior
probabilities on branch points were then calculated.

AHC of phylogenetic trees using the geodesic distance
Next, the geodesic distance algorithm was used to estimate the

dissimilarity of the phylogenetic trees for rRNA genes and conserved
proteins. The Bayesian trees for the rRNA genes and conserved
proteins were converted to those in Newick format for geodesic
analysis using the GTP algorithm [13]. Each tree was treated as a
variant and was compared with another. The trees for all rRNA genes
(5S, 16S and 23S) and the conserved proteins were pooled for the
calculation of the pairwise geodesic distance. A distance matrix was

constructed using the pairwise distances after GTP analysis. AHC
analysis of the rRNA genes and conserved proteins using the distance
matrix was conducted in XLSTAT 2010. The complete linkage model
was selected for the agglomerative hierarchical clustering (AHC)
analysis.

Results

Comparison of classification sensitivity between conserved
proteins and rRNA genes

From complete genomes deposited in the NCBI, we collected a total
of 56 representative bacterial species of 23 bacterial phyla (subphyla of
Proteobacteria were treated as phyla). The three rRNA genes were
extracted from the genomes along with 33 COGs (conserved proteins)
for reconstruction of phylogenetic trees of the bacterial phyla
separately. Using geodesic algorithm, the topological similarity of the
trees was quantified and exhibited by AHC. In the AHC result, four
clusters were below the primary merging dissimilarity level at 2.1
(Figure 1).

Figure 1: Dissimilarity and AHC of phylogenetic trees for bacterial
phyla. The phylogenetic trees for 56 bacterial species using rRNA
genes (5S, 16S and 23S) and 33 conserved genes were evaluated in
terms of their topological dissimilarity, which was demonstrated in
the AHC clustering. The clusters below the primary merging
dissimilarity level (dotted line) were shown with different colors.

The first cluster consisted of two subunit genes for phenyl-tRNA
synthetase; the neighboring cluster was composed of translation
initiation factor 2 and three r-proteins. The remaining proteins and
rRNA genes were grouped into two big clusters in our AHC result. The
three rRNA genes were located in one cluster, whereas their nearest
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neighbors were different. The trees constructed using 5S rRNA genes
exhibited the smallest dissimilarity to those for r-proteins S15 and S19,
whereas the 16S rRNA genes exhibited affinity to r-proteins L2, S7 and
S3. The topological dissimilarity also displayed a closer relationship
between 23S rRNA genes and r-proteins L14, S10 and S12. Excluding r-
proteins L2 and L14, all these r-proteins were affiliated with the 30S
ribosomal subunit. In another large cluster, 13 r-proteins were
neighbors of CTP synthase, metal dependent protease (COG0533) and
triosephosphate isomerase.

Congruency of phyla in phylogenetic trees
The accuracy of the taxonomic sorting by rRNA genes and

conserved proteins may be visualized based on the counting of
congruent species from the same phyla in the phylogenetic trees. We
counted the occurrence of clades in which species from the same phyla
were grouped, and plotted a black-white map for all phylogenetic
markers (Figure 2).

Figure 2: Congruence of bacterial phyla among phylogenetic trees.
Taxa from the same phyla were examined 462 in the phylogenetic
trees reconstructed using rRNAs and 33 conserved genes. If the
monophyletic cluster was present in a phylogenetic tree for a
phylum, a black square is depicted.

The full-length 16S and 23S rRNA genes and r-protein S10 almost
clustered all species from the same phyla into one clade. The species
from only one phylum could not be grouped. For the 16S rRNA gene

and r-protein S10, the species from Firmicutes were split into different
clades. The performance of other markers was even worse in terms of
the monophyletic grouping of species from the same phyla (Figure 2).
This might be discerned by the low posterior probabilities on the
branches of the phylogenetic trees for these markers, particularly for
those branches approaching to the root of the trees. Our result may
trigger a debate over selection of optimal markers for species
delimitation. Except for 16S rRNA gene, 23S rRNA gene and some
essential r-proteins, most of the known proteins probably were not
qualified for precise assignment of a bacterial species to a taxonomic
rank at a high level.

Surprisingly, translation initiation factor 2 could also accurately set
the boundaries between individual phyla, and only species from
Actinobacteria and Firmicutes did not remain in the same clades
(Figure 2). However, the phylogenetic relationships of the species
exhibited a high dissimilarity between translation initiation factor 2
(IF2) and the 16S rRNA genes. The AHC distance of the two clusters in
which they was over the minimum emerging threshold line (Figure 1),
indicating that the phylogenetic relationships of the bacterial phyla as
revealed by the two markers differed remarkably. For all molecular
markers, the taxa from Firmicutes, Actinobacteria and Spirochaetes
were most difficult to be clustered into monophyletic clades (Figure 2).
Our result demonstrated that the species from the class Clostridia
could not be grouped with the other two from Firmicutes by most
markers, and these species were responsible for the divergence to a
high degree. This finding indicates that the phylogenetic depth of
Clostridia can be reflected only by full-length 23S rRNA and four
molecular markers.

Discussion
In this study, our result indicates coherence of some r-proteins and

rRNA genes in the taxonomic sorting accuracy of the bacterial phyla.
Interestingly, the three rRNAs are proximate to different r-protein
neighbors. Although we used protein sequences of r-proteins and DNA
sequences of rRNA genes for the construction of the trees, similar
sorting effect was exhibited by this study. This means that equivalent
informative loci for the classification were loaded in the r-proteins and
neighboring rRNAs regardless of proteins or DNA sequences. This is
perhaps attributable to their functional association. We noticed that all
of the ribosomal proteins adjacent to the rRNA genes in the AHC
result were highly related to translation functions (Table S1). For
example, r-protein L2 is a primary rRNA binding protein that is critical
for the association of 30S and 50S subunits and for tRNA binding and
peptide bond formation [20]. The trees for r-proteins S3 and S7 were
also highly similar to that of the 16S rRNA gene, which highlights their
importance as r-protein markers for sorting and grouping of bacterial
phyla (Figure 1). The two r-proteins bind directly to the head and
lower part of the 30S subunit, respectively. The former is involved in
unwinding the helical structure of mRNA and is able to position an
mRNA in the translation machinery [21]. R-protein S7 is located just
above the cleft and decoding site, and it is one of two protein
components responsible for assembly initiation of the bacterial small
subunit ribosome [22]. S7 is also a major protein component that had
been shown to cross-link with tRNA molecules bound at A and P sites
[23,24]. As one of the principal regulatory elements, S7 can also
control r-protein synthesis by the translational feedback mechanism
[25]. Moreover, it can stabilize the decoding center of the 16S rRNA
[26]. Therefore, S3 and S7 are heavily involved in translation processes.
Their similarity in phylogenetic topology to the 16S rRNA gene
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probably stems from numerous contacts between these r-proteins and
16S rRNA. Experimental evidence is required to verify the closer
functional association between r-proteins and 16S rRNA.

In the present study, the phylogenetic tree for 23S rRNA revealed a
short distance to those trees for L14, S10 and S12 r-proteins. They are
another group of molecular markers with high reliability for
taxonomic grouping of the phyla. Similarly, the close functional
relationship between 23S rRNA and the r-proteins justifies the
topological similarity of their trees. L14 is located at the interface of the
small and large subunits, together with L2 [27]. Binding of translation
silencing factor RsfA on L14 will result in the termination of
translation [28]. The ribosomal structure at a resolution of 3.3A°
showed that S12 interacts with 23S rRNA and serves as a critical part
of the decoding center by modulating tRNA selection in response to
streptomycin [28]. S10 is an anti-termination apparatus in the 70S
ribosome [29]. It is regulated by r-protein L4 [30], a factor that initiates
the assembly of the large subunit [31]. It is interesting that 23S rRNA
grouped with S10 rather than L4 in the topological comparison of the
phylogenetic trees (Figure 1). This observation implies that some parts
of S10 co-evolved with 23S rRNA sites that may form a decoding
center. However, further evidence is needed to support this hypothesis.
Although L4 is critical for the assembly of the large subunit, our
findings indicate that it is not congruent evolutionarily with the 23S
rRNA gene.

The 5S rRNA transfers information and coordinates different
functional centers in the ribosome [32]. The structure of the 50S
ribosomal subunit suggests that it binds to r-proteins L5, L18 and L25
[33]. The topological distance of the phylogenetic trees showed that 5S
rRNA was not in the same cluster as L5 and L18 but was closer to the
16S and 23S rRNAs (Figure 1). This result again indicates that
structural proximity is not a prerequisite for phylogenetic congruency.
The 5S rRNA potentially functions as more than a coordinator and it is
likely that an unknown functional importance resulted in its grouping
with the rRNA genes and other essential r-proteins.

In this study, not all r-proteins were included in the evaluation.
Although some of the r-proteins are also critical in the decoding
process, they are not as conserved as the 33 genes in this study. An
example is r-protein S1, which also mediates the initiation of
translation by unwinding the secondary structure of mRNA and
positioning it in the decoding channel [34]. However, r-protein S1 was
not consistently present in all bacterial phyla, which excluded their
possibility as molecular markers.

Recently, one study took advantage of this method to quantitatively
compare phylogenetic trees reconstructed using 38 conserved bacterial
genes [5]. The pairwise geodesic distance revealed that the topology of
the tree for IF2 is highly similar to the concatenated marker sequences
[5]. The result in the present study also implies the importance of IF2
as a molecular marker. However, our result indicates that usage of the
IF2 for phylogenetic studies may result in a different bacterial
systematics, compared with 16S rRNA.

For Spirochaetes, a recent work has revealed a large genetic distance
among different classes [35]. A large number of genetic variations in
species from Spirochaetes have probably blurred the informative sites
that are useful for the correct taxonomic assignment of different
Spirochaetes classes. In summary, our results indicate that partial
rRNAs and most r-proteins lack sufficient informative content for
completely distinguishing these taxa at the phylum level. Some new
phyla, such as Deferribacteres and Planctomycetes, lack a sufficient

number of sequenced genomes at lower taxonomic levels. Thus, it may
be easier to form a monophyletic core than those with representatives
from different classes. Moreover, random selection of the taxa and
alignment accuracy rendered difficulties in phylogenetic coherence for
taxa from the same phyla in phylogenetic trees.

A considerable percentage of the submissions of proteins and genes
to the public databases such as the NCBI are not associated with
ascertained taxonomic information. This situation could be improved
until the complete genomes of previously undefined phyla were
revealed as wrongly assigned taxa. Recently, several novel phyla were
discovered and their complete genomes were released [36,5]. This
provides an opportunity to further evaluate the molecular markers.

Conclusion
In this study, we examined conserved genes and rRNA genes in

terms of their sensitivity and efficiency for splitting bacterial species
into corresponding phyla. Several r-proteins and full-length rRNAs
may be desirable molecular markers in future studies. Not all markers
provided a phylogenetic topology that was consistent with that based
on 16S rRNA, suggesting the presence of multiple nomenclature
systems in the Bacteria domain. To be cautious, we should develop the
current 16S rRNA-based relationships between phyla. The markers
suggested in this study require further evaluation in studies of
environmental communities and metagenomes as more new phyla and
unculturable bacteria are discovered.
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