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ABSTRACT
Single-copy conserved genes and internal regions of 16S
ribosomal RNA (rRNA) are potentially molecular markers for bacterial
systematics. In this study, 33 highly conserved genes, the three rRNAs
and internal regions of 16S rRNA were used to construct phylogenetic
trees for 25 bacterial phyla. Topological dissimilarity revealed that the
trees for an internal region between 515bp and 785bp in 16S rRNA are
highly similar to that for full-length 16S rRNA. Pairwise comparison of
the trees for conserved genes and rRNAs also showed that 16S and 23S
rRNA genes were grouped with ribosomal proteins (r-proteins) L2, S3,
S7, L14, S10 and S12. The 16S Rrna internal region and the r-proteins
were critical in translation process, indicating a tight connection
between bacterial systematics and translation process. To demonstrate
efficiency of taxonomic sorting by the markers, monophyletic clades in
the trees were examined for co-existence of the taxa from the same
phyla. Translation initiation factor 2, 16S rRNA and 23 rRNA could assign
almost all the taxa correctly into the monophyletic clades. Together,
our results suggest that rRNAs and some r-proteins co-evolved due to
involvement in mRNA manipulation and formation of decoding center,
and may thus serve as molecular markers for bacterial systematics.

INTRODUCTION
The current widely-accepted bacterial systematics had been established based on similarity of 16S ribosomal RNA
(rRNA) genes and other highly conserved genes [1,2]. A bacterial isolate may be approximately classified into different
taxonomic levels by comparing with the sequences in public database. Phylogenomic analysis using concatenated
conserved genes is an alternative to locate a bacterium in the tree of life [3,4]. Using enrichment cultivation and single-cell
genomics, novel bacterial phyla were discovered and representative genomes were decoded. With a growing number of
new bacterial phyla in recent years, approaches to quick identification and positioning of new taxonomic bacterial groups
in rare environments are highly demanded. To study microbial composition of a high biodiversity is also a difficult task, due
to lack of comprehensive evaluations of the existing markers.
Since 1970s, small subunit rRNA (ssu-rRNA) genes had been used for taxonomic identification of organisms and
laid a foundation for systematic studies on the tree of life [5,6]. Archaea as a new domain independent from Bacteria and
Eukaryotes was recognized by phylogeny of 16S rRNA genes. A 16S rRNA gene sequence contains both highly conserved
regions for primer design and hyper-variable regions for taxonomic positioning of a microorganism. A long-standing question
is which 16S rRNA region should be targeted for PCR amplicons, particularly when a complex microbial community in
an environmental sample was subjected to a study. Although the 16S rRNA gene is a reliable phylogenetic marker for
systematics of bacterial phyla, it is difficult to sequence full-length 16S rRNA genes with high-throughput sequencers. Though
per base costs were lowered drastically and sequencing depth was improved nowadays [7,8], the average sequencing read
length was not much increased [9]. Considering the short read length of current sequencing platforms, selection of proper
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primers is still critical for studies of bacterial community in various environments. Recent studies utilizing high-throughput
technology also revealed that using suboptimal primer pairs would not unevenly amplify rRNA genes from certain species.
The biases in amplification caused either under- or over-estimate of some species in a microbial community [10-12]. Several
studies have attempted to uncover the optimal primer pairs for bacterial community study [13-15]. However, their results were
under modifications as more bacterial and archaeal phyla were revealed [16].
A more important issue is that a high copy number of 16S rRNA gene in a certain group of microbes may raise overestimate of their composition in the community 1. Depending on ecological strategy and genome size, bacteria differ
remarkably in copy number of rRNA operons [17,18]. The wide range of copy number from one to up to twelve copies 18 may
result in wrong estimates of biodiversity and microbial composition in a sample. An alternative option is to use single-copy
genes in bacterial genomes as molecular markers. There are at least 38 universally conserved genes in prokaryotes [4,19].
Their ubiquitous presence in bacterial genomes may allow for precise positioning of a bacterial isolate into the systematic
phylogeny of all the organisms. However, whether these conserved genes can be consistent with 16S rRNA as molecular
markers in phylogenetic topology of bacterial phyla remains to be answered. It is possible that the tree of life constructed
using some universally conserved genes differ profoundly from that based on the ssu-rRNA genes.
In this study, we worked on rRNA genes and 33 universally conserved genes, aiming to answer 1) which internal
regions in 16S rRNA genes are approximately equivalent to the full-length gene in the classification efficiency; 2) whether
16S, 23S and 5S differ in topology pattern of phylogenetic trees constructed using different bacterial phyla; 3) how different
are the phylogenetic trees reconstructed using rRNA genes and universally conserved proteins in sorting of bacterial phyla.
We used geodesic distance to estimate the dissimilarity of the phylogenetic trees for rRNA genes and conserved proteins.
Topological dissimilarity between the phylogenetic trees may be estimated by geodesic algorithm that can project the node
and branch structure of a tree into a multi-dimensional model [20]. Geodesic distance has also been applied to quantify
discrepancy between the phylogenetic trees [21]. Recently, a study took advantage of this method to quantitatively compare
phylogenetic trees reconstructed using 38 conserved bacterial genes [4]. Pairwise geodesic distance exhibited the topology
of the tree for translation initiation factor 2 (IF2) is highly similar to the concatenated marker sequences [4]. This result
suggests that IF2 can roughly reflect the genetic relationships that were built up using all the conserved genes. With
the help of geodesic algorithm, it is possible to quantify the sensitivity of rRNA genes and single-copy conserved genes
for taxonomic classification. With the quantitative evaluation, the correlative relationships between different markers in
classification efficiency can be elucidated. Finally, phylogenetic congruency of bacterial phyla in monophyletic clades was
examined to compare the sorting efficiency of all the molecular markers.

RESULTS AND DISCUSSION
Dissimilarity of phylogenetic trees based on full-length 16S rRNA genes and variable Regions
A total of 56 bacterial representative’s species from 25 bacterial phyla were used for comparison of phylogenetic
relationships. Bayesian phylogenetic trees were firstly constructed for 16S rRNA genes and internal regions. Partition of the
16S Rrna genes resulted in 10 regions of R1-R10, which were started with a conserved region and ended up with a variable
region (Figure 1). The size of the regions ranged from 102 bp to 237 bp in reference to their positions in Escherichia coli
MG1655 (Table 1). Dissimilarity of the Bayesian phylogenetic inferences was estimated with geodesic distance algorithm.
Agglomerative hierarchical clustering (AHC) result showed that the phylogenetic tree based on the full-length 16S rRNA
gene was the nearest neighbor to that based on the region of R4. This indicates that the topology of the trees for the
full-length and R4 was more similar to each other than to the other regions. R5 was the second closest region to the fulllength 16S rRNA gene. Therefore, the 16S rRNA region between the positions of 515 bp and 786 bp may serve as the best
target region of PCR amplicons for taxonomic classification, because the taxa were positioned in similar phylogenetic trees
as the full-length 16S rRNA genes did. As suggested by a previous study [22], R4 ranks the first in sensitivity as a reliable
marker for bacterial taxonomic classification. Our study, for the first time, estimated dissimilarity in topology of phylogenetic
relationships, and pairwise relationships of the different 16S rRNA regions. In contrast, the regions of R1, R2, R10 and R7
were distantly related to the internal regions, indicating that the peripheral regions were less efficient for the classification
of the bacterial phyla than the regions such as R4, R5, R6 and R8. This result is against the previous recommendation of
R1-R3 as the target of PCR amplicons for detection of microbial community [13]. The heterogeneity of phylogenetic trees
based on different regions is also not consistent with a recent analysis, which shows almost equal recovery efficiency for
the internal regions [23].
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Table 1. Internal regions of 16S ribosomal RNA sequence. 518, The start and end positions were referred to the corresponding sites in
the 16S rRNA sequence from Escherichia coli MG1655 (U00006).
Region
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10

Start (bp)
1
104
341
515
685
786
917
1053
1226
1390

End (bp)
103
340
514
684
785
916
1052
1225
1389
1491

Length (bp)
103
237
174
170
101
131
136
173
164
102

It remains a question why the 16S rRNA internal regions differ in the classification sensitivity. The fundamental
reason perhaps lies in their different roles in the translation process of mRNA molecules. The internal regions interact with
different parts of translation machine and other rRNA parts, resulting in the variances in conservative degree and classification
efficiency. In 3D structure of 16S rRNA, it is easy to connect the regions of R4-R5 with the translation center of ribosome complex. Within
R4-R5, the important ‘690 hairpin’ (680 bp-710 bp) 24 and decoding center (G530 and neighboring sites) [24-26] had been pinpointed.
The ‘690 hairpin’ is highly conserved in all three domains due to its essential role in translation process [27,28]. This hairpin
was reported to mediate binding of tRNA at P-site, r-protein S11 and translation initiation factor 3 and to interact with
790 loop of 16S rRNA and domain IV of 23S rRNA [29]. However, we could not evaluate contribution of these positions in
the classification of bacterial phyla as molecular markers in the present study. Also it is difficult to locate the regions (no
matter conserved or variable) that are more critical in determining the taxonomic position of a given 16S rRNA sequence.
Previous studies have reported that the regions of R1-R3 and R10 are located at the bottom and top of a ribosome,
respectively [25,26]. In our result, R7 exhibits less phylogenetic coherence compared with its adjacent regions, and the
peripheral regions R1, R2 and R10. This suggests that the hypervariable region in R7 probably serves as a stabilize of the
secondary structure of 16S rRNA and has not yet been reported to have functional importance. This reminds us of the debate
over the taxonomic classification and molecular marker selection. There was an association between evolutionary rate
and gene dispensability [30-32]. According to this theory, genes with high dispensability usually evolve slowly but might be
applied for assignment of a species to higher taxonomic levels. In return, less important regions can allow for more changes
and may maintain conservation only at lower taxonomic levels. Similarly in the current study, the functionally important R4R5 might evolve at a lower rate and tend to be more stable than the other internal regions, and thus these regions could
help to achieve a more stable phylogenetic topology among the diversified bacterial phyla. The structural regions may be
less conserved and, therefore, contain more polymorphisms that may occur only at lower taxonomic levels. These regions
cannot be used as markers for taxonomic classification of a novel lineage at phylum level in a community. This is a possible
reason to the divergence between the internal regions in classification sensitivity.

Figure 1. Dissimilarity of phylogenetic trees constructed using full-length and internal regions of 16S rRNA gene.

In our study, the functioning sites are usually quite short, compared to the whole region. Whether the several conserved
sites in an rRNA gene may determine the topology of a phylogenetic tree consisting of 25 different phyla is questionable.
On the other hand, the distance in topology of phylogenetic trees indicates that the weight of informative sites differed
between the internal regions in hierarchical taxonomic classification. Some of the internal regions were probably more
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useful as molecular markers for families and genera, rather than phyla. In this study, the length of the internal regions
was different. R5 and R10 were relatively short and almost in the same length. However, R5 contains more valuable sites
for taxonomic classification of the species at phylum level than R10. On the other hand, this comparison means that the
difference in length between the internal regions would affect their sensitivity in classification.
Topological similarity of the phylogenetic trees based on rRNA genes and conserved genes
Further study was conducted using 33 conserved genes from the 56 bacterial species and 25 phyla. In the AHC
result, four clusters were below the primary merging dissimilarity level at 2.1 (Figure 2). The first cluster consists of two
subunit genes for phenyl-tRNA synthetase; the neighboring cluster is composed of translation initiation factor 2 and three
r-proteins.

Figure 2. Dissimilarity and AHC of phylogenetic trees for bacterial phyla. The phylogenetic trees for 53 bacterial species using rRNA genes
(5S, 16S and 23S) and 33 conserved genes were calculated in topological dissimilarity, which was demonstrated in AHC clustering.

The remaining proteins and rRNA genes were grouped into two big clusters. The three rRNA genes were located in
one cluster, whereas their nearest neighbors are different. The trees built up using 5S rRNA genes exhibited the smallest
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dissimilarity to those for r-proteins S15 and S19, while 16S rRNA genes shows 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.
Except for r-proteins L2 and L14, all these r-proteins were affiliated with 30S ribosomal subunit. In another big cluster, 13
r-proteins were neighbors of CTP synthase, metal dependent protease (COG0533) and triosephosphate isomerase.
All the ribosomal proteins that were grouped with the rRNA genes were highly related to translation function (Table 1).
For example, r-protein L2 is a primary rRNA binding protein critical for association of 30S and 50S subunits and for tRNA
binding and peptide bond formation [33]. The trees for r-proteins S3 and S7 were also highly similar to that of 16S rRNA
gene (Figure 2). The two r-proteins bind directly to the head and lower part of the 30S subunit, respectively. The former is
involved in unwinding helical structure in mRNA and is able to position an mRNA into the translation machine [34]. R-protein
S7 is located just above the cleft and the decoding site, and is one of two protein components responsible for assembly
initiation of bacterial small subunit ribosome [35]. S7 is also a major protein component that had been shown to cross-link
with tRNA molecules bound at the A and P sites [36,37]. As one of the principal regulatory elements, S7 can also control
r-protein synthesis by the translational feedback mechanism [38]. Moreover, it can stabilize decoding center of the 16S
rRNA [26]. These r-proteins are heavily involved in translation process. Their similarity in topology to 16S rRNA gene suggests
more contacts between these r-proteins and 16S rRNA. Experimental evidence is required to verify the closer functional
association between the r-proteins and the 16S rRNA.
The phylogenetic tree for 23S rRNA showed a short distance to those of L14, S10 and S12 r-proteins. L14 is located
at the interface of the small and large subunits, along with L2 [39]. Binding of translation silencing factor RsfA on L14 will
result in termination of translation [40]. Ribosomal structure in 3.3A° resolution showed that S12 interacts with 23S rRNA
and serves as a critical part of decoding center by modulating tRNA selection and in response to streptomycin 40. S10 is an
antitermination apparatus in 70S ribosome [41]. It is regulated by r-protein L4 [42], a factor that initiates assembly of the large
subunit [43]. It is interesting that 23 rRNA is grouped with S10 rather than L4 in topological comparison of the phylogenetic
trees (Figure 2). This implies that some parts in S10 co-evolved with 23S rRNA sites that perhaps form decoding center.
Further evidence is needed to support this hypothesis. Although L4 is critical in assembly of the large subunit, our result
indicates that it is not congruent with 23S rRNA gene in evolution.
5S rRNA transfers information and coordinates different functional centers in ribosome [44]. Structural picture of
50S ribosomal subunit suggests that it binds r-proteins L5, L18 and L25 [45]. Our topological distance of the phylogenetic
trees showed that 5S rRNA was not in the same cluster as L5 and L18, but was closer to 16S and 23S rRNAs (Figure 2).
Again, this result indicates structural contacts did not a prerequisite for phylogenetic congruency. Perhaps, functional
importance of 5S more than a role of coordinator determined its grouping with the rRNA genes and other essentially
functional r-proteins.
Although some of the r-proteins are also critical in decoding process, they are not as conserved as the 33 genes in
this study. An example is r-protein S1 that also mediates the initiation of translation by unwinding the secondary structure
of mRNA and positioning it in decoding channel [46]. However, r-protein S1 was not among the 33 highly conserved gene
lists. Internal variants and short conserved regions might affect identification of these genes, which may explain absence
of r-protein S1 in identified conserved genes.
Congruency of phyla in phylogenetic trees
Accuracy of taxonomic sorting by the rRNA genes and conserved proteins might be visualized by the statistics of
congruent species from the same phyla in the phylogenetic trees. We counted occurrence of the clades in which the
species from the same phyla were grouped, and plotted in a black-white map for all the phylogenetic markers (Figure 3).
The full-length 16S and 23S rRNA genes and r-protein S10 could almost cluster all the species from the same phyla into
one clade. The species from one phylum could not be grouped. For 16S rRNA gene and r-protein S10, the species from
Firmicutes were split into different clades; Gammaproteobacteria were not distributed in one clade in the phylogenetic tree
of 23S rRNA genes. The performance of other markers was even worse in terms of correct grouping of the species from
the same phyla.
Surprisingly, translation initiation factor 2 could also cluster the species into their individual phyla, and only the
species from Actinobacteria and Firmicutes did not stay in the same clades (Figure 3). On the other hand, the phylogenetic
relationships of the species exhibited a high dissimilarity between translation initiation factor 2 (IF2) and 16S rRNA genes.
The two clusters where they were located were beyond the minimum emerging threshold line (Figure 2). With this respect,
the phylogenetic relationships displayed by the two markers differed at a level beyond phylum. This suggests that the
arrangement of the bacterial phyla in the trees based on IF2 and 16S rRNA was different.
For all the molecular markers, the taxa from Firmicutes, Actinobacteria and Spirochaetes were most difficult to be
clustered into monophyletic clades (Figure 3). Our result demonstrated that the species from class of Clostridia could not
be grouped with the other two from Firmicutes by most of the markers. This indicates the phylogenetic depth of Clostridia
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could be reflected only by full-length 23S rRNA and four molecular markers. For Spirochaetes, a recent work revealed its
high genetic distance among different classes [23]. A large number of genetic variations in the species from Spirochaetes
probably blurred the informative sites useful for correct taxonomic assignment of different classes in Spirochaetes. In sum,
our result indicates that partial rRNAs and most of r-proteins did not contain enough informative content that allows to fully
distinguishing these taxa at phylum level.

Figure 3. Congruence of bacterial phyla among phylogenetic trees. The taxa from the same phyla were examined in the phylogenetic
trees reconstructed using rRNAs, 16S rRNA internal regions (R1-R10) and 33 conserved genes. If the monophyletic cluster existed in a
phylogenetic tree for a phylum, a black square was depicted.

Some new phyla such as Deferribacteres and Planctomycetes did not have enough completely sequenced genomes
from lower classification levels. As such, it is perhaps easier to sort the taxa in new phyla into monophyletic clades than
those with representatives from different classes. Moreover, random selection of the taxa and alignment accuracy could
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be the sources of the problem in taxonomic sorting of the species.

CONCLUDING REMARKS
In this study, we examined conserved genes and rRNAs in their sensitivity and efficiency in splitting bacterial species
into corresponding phyla. Several r-proteins and R4-R5 internal regions in 16S rRNA may be desirable molecular markers in
future work. Not all markers lead to a consistent phylogenetic topology with 16S rRNA. This reminds us existence of multiple
nomenclature systems in Bacteria domain. To be cautious, we should use 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 were discovered.
Methods
Collection of full-length 16S rRNA genes and corresponding conserved genes: Protein sequences of all Clusters of
Orthologous Groups (COGs) [47] were downloaded from the NCBI database (www.ncbi.nlm.nih.gov/COG/). Among the list of
COGs, protein IDs of 37 highly conserved COGs (essential bacterial genes) (Table 1) for all the bacteria were pooled.
To obtain the bacteria with full-length 5S, 16S and 23S rRNA genes and a full set of highly conserved genes, a total
of 2785 completely sequenced bacterial genomes were downloaded from the NCBI in Genbank format. In reference to the
protein IDs of the COGs, 505 bacterial species contained at least 33 conserved genes. These bacterial species were sorted
into corresponding phyla.
For each of the bacterial phyla, three representative genomes were selected randomly and the species from different
orders were preferred. All rRNA genes (5S, 16S and 23S) were then extracted from the genomes using in-house java script.
In case of presence of multiple copies, only one was retained for analysis. The list of the species was shown in Table 1.
The COGs and rRNA genes were aligned with Muscle [48], followed by manual adjustments. The 16S rRNA genes in
aligned format were split between conserved regions. The start and end sites of the partition positions were referred to
Table 1.
AHC of phylogenetic trees using geodesic distance
The aligned sequences of the conserved genes, full-length 16S rRNAs and their segregated regions were used to
reconstruct Bayesian phylogenetic relationships. The best substitution model for the aligned sequences was recommended
in the output of J Model Test 2.1 [49]. Using a model of GTR+Gamma+Invariant, a Bayesian phylogenetic inference was
calculated with ten million MCMC chains using BEAST 1.8.1 [50]. With a Burnin setting of 2000, a consensus tree was then
produced, and posterior probabilities were calculated.
The pairwise geodesic distances between the Bayesian trees were computed by using GTP geodesic algorithm [21]. A
distance matrix was constructed as input for AHC using complete linkage model.
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