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Abstract 7 

Microscopic, biochemical, molecular, and computer-based approaches are extensively used to 8 

identify and classify bacterial populations. Further, advances in DNA sequencing and 9 

bioinformatics workflows facilitated sophisticated genome-based methods for microbial 10 

taxonomy. Although sequencing of 16S rRNA gene is widely employed to identify and classify 11 

the bacterial community as a cost-effective and single-gene approach. However, the accuracy 12 

of the 16S rRNA sequence-based species identification is limited by multiple copies of the gene 13 

and their higher sequence identity between closely related species. Availability of a large 14 

volume of bacterial whole-genome data provided an opportunity to develop comprehensive 15 

species-specific 16S rRNA reference libraries. With defined rules, we have concatenated four 16 

16S rRNA gene copy variants to develop a species-specific reference library. Using this 17 

approach, species-specific 16S rRNA gene libraries were developed for four closely 18 

related Streptococcus species (S. gordonii, S. mitis, S. oralis, and S. pneumoniae). Sequence 19 

similarity and phylogenetic analysis of concatenated 16S rRNA copies yielded better resolution 20 

than single gene copy approaches. The approach is very effective to classify genetically related 21 

species, and it may reduce misclassification of bacterial species and genome assemblies. 22 

 23 
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Introduction 26 

The 16S ribosomal RNA (16S rRNA) encoding region is extensively studied to identify and 27 

classify bacterial species. The 16S rRNA is a conserved component of the 30S small subunit 28 

of a prokaryotic ribosome. The gene is ~1500 base pair (bp) long, and it consists of nine 29 

variable regions (Reller et al. 2007; Sabat et al. 2017). For decades, the sequence of 16S rRNA 30 

has been used as a potential molecular marker in culture-independent methods to identify and 31 

classify diverse bacterial communities (Clarridge, 2004; Johnson et al. 2019). The 16S rRNA 32 

sequences are currently being used as an accurate and rapid method to study bacterial evolution, 33 

phylogenetic relationships, populations in an environment, and quantification of abundant taxa 34 

(Vetrovsky and Baldrian, 2013; Srinivasan et al. 2015; Peker et al. 2019). 35 

Despite the wide range of applications, few shortcomings limit the accuracy of results 36 

derived through the 16S rRNA sequence analysis. One such aspect is that the 16S rRNA gene 37 

has poor discriminatory power at the species level (Winand et al. 2020), and the copy number 38 

can vary from 1 to 15 or even more (Vetrovsky and Baldrian, 2013; Winand et al. 2020). The 39 

presence of multiple variable copies of this gene makes distinct data for a species. Hence, gene 40 

copy normalization (GCN) is necessary prior to the sequence analysis. However, studies show 41 

that the GCN approach does not improve the 16S rRNA sequence analyses in real scenarios 42 

and suggests a comprehensive species-specific catalogue of gene copies (Starke et al. 2021). 43 

Secondly, the intra-genomic variations between the 16S rRNA gene copies were observed in 44 

several bacterial genome assemblies (Paul et al. 2019). Only a minority of the bacterial 45 

genomes harbor identical 16S rRNA gene copies, and sequence diversity increases with 46 

increasing copy numbers (Vetrovsky and Baldrian, 2013). Further, currently available 16S 47 

rRNA-based bioinformatics approaches are not always amenable to classify bacterium at the 48 

species level due to high inter-species sequence similarities (Peker et al. 2019; Deurenberg et 49 

al. 2017).  50 
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A few other issues are also related to the sequencing and bioinformatics analysis of 16S 51 

rRNA gene regions. These include the purity of bacterial isolates, the quality of isolated DNA, 52 

and the possibility of chimeric molecules (Janda and Abbott, 2007; Church et al. 2020). Base-53 

call errors can also mislead the sequence identity and phylogenetic inferences (Alachiotis et al. 54 

2013). The other concerns on sequence-based analysis, comparison, and species identification 55 

include the number of base ambiguities processed, gaps generated during sequence 56 

comparison, and algorithm (local or global) used for the sequence alignment. The local 57 

alignment algorithm is extensively used for sequence similarity based species identification. 58 

Several studies were conducted to identify the best variable region or combination of variable 59 

regions for bacterial classification, and a consensus remains to be implemented (Janda and 60 

Abbott, 2007; Johnson et al. 2019; Winand et al. 2020). Usage of misclassified sequence as a 61 

reference and improper bioinformatics workflows mislead the bacterial taxonomy. Further, the 62 

growth of bioinformatics and genetic data has placed genome-based microbial classification in 63 

researchers with little or no taxonomic experience, which may also mislead the bacterial 64 

taxonomy (Baltrus, 2016).  65 

A few bacterial identification systems with high resolution have been developed using the 66 

sequence of polymerase chain reaction (PCR) amplified ∼4.5 kb long 16S–23S rRNA regions 67 

(Benítez-Páez and Sanz, 2017; Sabat et al. 2017; Kerkhof et al. 2017). However, these 68 

approaches have a few limitations, such as the lack of reference 16S–23S rRNA sequence 69 

databases and complementary bioinformatics resources for reliable species identification 70 

(Sabat et al. 2017). The recent advancements in bioinformatics workflows (Winand et al. 2020; 71 

Schloss, 2020) and reference databases such as SILVA, EzBioCloud (Quast et al. 2013; Yoon, 72 

2017) improved 16S rRNA-based bacterial taxonomy. However, a few recent genome-based 73 

studies highlighted the misclassification incidences in bacterial species and genome assemblies 74 
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(Steven et al. 2017; Martínez-Romero, et al. 2018; Mateo-Estrada et al. 2019; Bagheri et al. 75 

2020). 76 

Nowadays, conventional and high throughput sequencers can amplify all the nine variable 77 

regions of the 16S rRNA gene. Although, many 16S rRNA-based bacterial identification 78 

studies lack a complete set of variable regions (Stackebrandt et al. 2021). The classical and 79 

high throughput sequencing technologies produce a large volume of whole-genome data. There 80 

is an urgent need to translate the genomic data for convenient microbiome analyses that ensure 81 

clinical practitioners can readily understand and quickly implement it (Church et al. 2020). 82 

Hence, we intended to demonstrate the workflow to develop species-specific concatenated 16S 83 

rRNA reference libraries and its applications. The species-specific libraries can yield better 84 

resolution in sequence similarity and phylogeny based bacterial classification approaches. 85 

 86 

Materials and Methods 87 

Estimation of variations in intra-genomic 16S rRNA gene copies 88 

Sequence alignment of 16S rRNA copies at the intra-genomic level shows a higher degree of 89 

variability in species belonging to the Firmicutes and Proteobacteria (Vetrovsky and Baldrian, 90 

2013; Ibal et al. 2019). Hence, we used eight 16S rRNA copies (Supplementary data 1) 91 

retrieved from the whole-genome of Enterobacter asburiae strain ATCC 35953 92 

(NZ_CP011863.1). The BLAST (Altschul et al. 1990) and Clustal Omega (Sievers et al. 2011) 93 

sequence alignment algorithms were used to estimate intra-genomic variability between the 94 

16S rRNA gene copies. Phylogenetic relatedness between intra-genomic 16S rRNA copies 95 

were estimated using the Maximum Likelihood method (Tamura-Nei model; 500 bootstrap 96 

replicates) with MEGA X software (Kumar et al. 2018).  97 

 98 

 99 
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Construction of species-specific concatenated 16S rRNA reference libraries 100 

Previous studies have reported that several bacterial species shares more than 99% sequence 101 

identity in the16S rRNA encoding region. Hence, the 16S rRNA-based bacterial identification 102 

methods failed to discriminate such genetically related species (Deurenberg et al. 2017; 103 

Devanga-Ragupathi et al. 2018). It has been reported that Streptococcus 104 

mitis and Streptococcus pneumoniae are almost indistinguishable from each other based on the 105 

sequence similarity of their 16S rRNA regions (Reller et al. 2007; Lal et al. 2011). To develop 106 

species-specific barcode reference libraries, the study used 16S rRNA gene copies from whole-107 

genome assemblies of four closely related species of Streptococcus (S. gordonii, S. mitis, S. 108 

oralis and S. pneumoniae).  109 

More than 385000 whole-genome assemblies are currently available for prokaryotes at 110 

the Genome database (https://www.ncbi.nlm.nih.gov/genome). Most microbial genomes were 111 

sequenced with high throughput sequencing technologies such as Illumina/Ion-Torrent (short 112 

read sequencing) and PacBio/Nanopre (long read sequencing). Further, many of these whole-113 

genome assemblies are derived through a hybrid assembly of short and long read sequence 114 

data. The large volume of high throughput data can be effectively used to develop advanced 115 

genome based approaches for microbial systematics. The genomic data is available in four 116 

assembly completion levels (contig, scaffold, chromosome, and complete). We used only the 117 

genomes assemblies in the 'complete' stage to retrieve 16S rRNA gene copies.  118 

The study retrieved full-length 16S rRNA gene copies from 16 genome assemblies 119 

belonging to four Streptococcus species (S. gordonii, S. mitis, S. oralis, and S. pneumoniae). 120 

The detailed information on the dataset used to develop species-specific concatenated reference 121 

libraries is provided in Table 2 and the sequences are provided in Supplementary data 2. To 122 

maintain the equal length, sequences were trimmed out beyond the universal primer pair fD1 - 123 

5'-GAG TTT GAT CCT GGC TCA-3' and rP2 - 5'-ACG GCT AAC TTG TTA CGA CT-3' 124 
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(Weisburg et al. 1991) for full-length in silico 16S rDNA amplification. We used MEGA X 125 

software to perform multiple sequence alignment and identify the intra-species Parsimony 126 

informative (Parsim-info) variable sites. A species-specific barcode reference library covering 127 

entire Parsim-info variable sites was constructed by concatenating four 16S rRNA gene copies 128 

representing four different strains of a species. The rationale behind the selection of four copies 129 

for a species-specific barcode reference library is: (i) a maximum of four variations can be 130 

found on a single site, and (ii) earlier studies have shown that the mean 16S rRNA copies per 131 

genome is four (Vetrovsky and Baldrian, 2013).  132 

 133 

Demonstration of concatenated 16S rRNA in sequence similarity and phylogeny 134 

We discussed a few case studies to demonstrate the classical sequence similarity and 135 

phylogeny-based approaches using concatenated species-specific 16S rRNA reference 136 

sequence libraries. The study selected nine Sanger sequenced 16S rRNA gene shown higher 137 

sequence similarity with multiple species of Streptococcus. Web-based BLAST2 program for 138 

aligning two or more sequences was used to estimate the maximum score, total alignment score, 139 

and sequence identity. Single copy of the 16S rRNA region derived through Sanger sequencing 140 

or retrieved from a whole-genome assembly can be considered as ‘Query sequence’. The 141 

concatenated species-specific reference libraries must be provided in the ‘Subject sequence’ 142 

section. To perform an accurate phylogenetic analysis, it is mandatory that the target sequence 143 

(length=n bp) have to be concatenated four times (length=n×4 bp), appending next to the last 144 

base. Phylogenetic relatedness was estimated using the Maximum Likelihood method (Tamura-145 

Nei model; 500 bootstrap replicates) with MEGA X software. 146 

 147 

 148 

 149 
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Results 150 

Intra-genomic 16S rRNA variations in Enterobacter asburiae 151 

Historically, sequences of the 16S rRNA gene were used to identify known and new bacterial 152 

species. However, this method is impacted by several factors such as amplification efficiency, 153 

poor discriminatory power at the species level, multiple polymorphic 16S rRNA gene copies, 154 

and improper bioinformatics workflows for the data analysis. The genome have eight 16S 155 

rRNA gene copies that showed a mean identity of 99.29% in sequence alignment using Clustal 156 

Omega (global alignment), whereas BLAST (local alignment) analysis resulted in an average 157 

of 99% identity between the copies (Table 1). Hence, the selection of an appropriate algorithm 158 

have a significant role in the estimation of percent identity, and a vital role in sequence-based 159 

species delineation. Global sequence alignment programs generally perform better for highly 160 

identical sequence pairs, and the algorithm considers all the bases for the estimation of 161 

sequence identity. The multiple sequence alignment showed 22 variable sites in 16S rRNA 162 

gene copies of E. asburiae genome (Fig. 1).  163 

The evolutionary relationship between species is usually represented in a phylogenetic 164 

tree drawn using a single barcode gene, multiple genes, or whole genomes. However, bacterial 165 

species nomenclature is mainly designated based on the confidence obtained from the 166 

phylogenetic tree derived through single copy 16S rRNA analysis. To highlight how the intra-167 

genomic variations of 16S rRNA copies influence the single gene phylogeny for species 168 

delineation. We constructed a phylogenetic tree using eight 16S rRNA gene copies of E. 169 

asburiae reference genome showing multiple nodes (Fig. 2). The sequence similarity and 170 

phylogeny-based analysis indicate that the intra-genomic variations in 16S rRNA copies may 171 

mislead the bacterial taxonomy in single gene copy approaches.  172 

 173 

 174 
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Species-specific concatenated 16S rRNA libraries  175 

We selected four Streptococcus species (S. gordonii, S. mitis, S. oralis, and S. pneumoniae) to 176 

construct species-specific concatenated 16S rRNA reference libraries. The study used four 177 

whole genome assemblies in the ‘complete’ stage to construct a species-specific barcode 178 

library. Four copies of 16S rRNA gene is required to construct the concatenated library for a 179 

species. The details of constructed species-specific libraries is listed in Table 2 and the 180 

sequence is provided in Supplementary data 3. The 16S rRNA sequence analysis shows 24 181 

Parsim-info variable sites for S. oralis, 11 variations in S. mitis, seven variations in S. gordonii, 182 

and six variations found in S. pneumoniae.  183 

The study used full-length 16S rRNA copies from four different strains to highlight the 184 

variations at the species level. The observed intra-species Parsim-info variable sites reside on 185 

both conserved and variable regions of 16S rRNA gene. Species-specific concatenated 16S 186 

rRNA reference library can be developed with limited number of variable regions. Intra-species 187 

variation on 16S rRNA gene copies influences the sequence based bacterial taxonomy. Hence, 188 

concatenated 16S rRNA approach yield better resolution than single copy analysis in classical 189 

sequence similarity and phylogeny based species identification approaches.  190 

 191 

Demonstration of concatenated 16S rRNA based species identification 192 

The study compared nine 16S rRNA sequences representing Streptococcus species (Table 3) 193 

with species-specific concatenated reference libraries. Concatenated sequence analysis gives 194 

better resolution in sequence similarity search and phylogenetics analysis. The sequence 195 

accession numbers GU470907.1 and KF933785.1 classified as S. mitis showed a higher 196 

maximum and total alignment score with S. oralis than S. mitis (Table 3). Whereas the 197 

sequence (OM368574.1; classified as S. mitis) showed a higher sequence alignment score 198 

with S. pneumoniae. The Fig. 3A shows a Maximum Likelihood tree of the nine 16S rRNA 199 
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gene sequences with four concatenated species-specific reference libraries. The concatenated 200 

GU470907.1 and KF933785.1 sequences showed phylogenetic relationship with S. oralis and 201 

sequence OM368574.1 genetically related with S. pneumoniae. These results indicate that the 202 

species-specific concatenated 16S rRNA reference libraries have great potential in the 203 

taxonomy of genetically related species. Hence, the study suggests the usage of concatenated 204 

variable 16S rRNA copies for sequence similarity and phylogeny-based species identification. 205 

Species-specific reference library with concatenated 16S rRNA gene copies provides better 206 

resolution in phylogenetic analysis than the single copy inference.  207 

 208 

Discussion  209 

The 16S rRNA encoding region sequences are considered a conventional and robust method 210 

for identifying the bacterial species. The barcode gene is widely used in sequence similarity, 211 

phylogeny, and metagenome based species identification. Recently, Church et al. (2020) 212 

reviewed in detail the Sanger sequencing of 16S rRNA gene, sequence data analysis, and result 213 

interpretation. However, discrimination of closely related species identification through 214 

sequences of 16S rRNA gene is a challenge, and it may lead to species misidentifications 215 

(Boudewijns et al. 2006). The 16S rRNA gene copies can vary from 1 to 15 in a genome, and 216 

the copy number of variations is taxon-specific (Vetrovsky and Baldrian, 2013). The 16S rRNA 217 

sequence variation found at intra-genomic level and between the strains of a species as well. 218 

Sequence diversity increases with the increasing 16S rRNA copy numbers. About 15% of the 219 

genomes have only a single copy of the 16S rRNA gene, and only a minority of bacterial 220 

genomes harbours identical 16S rRNA gene copies (Vetrovsky and Baldrian, 2013). 221 

Amplification of limited number of variable regions cannot achieve the taxonomic resolution 222 

achieved by sequencing the entire gene (Johnson et al. 2019). Usage of misclassified 16S rRNA 223 

sequences as a reference and inappropriate bioinformatics workflows also mislead the 224 
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taxonomic assignment. 225 

Several bioinformatics resources are extensively used for the 16S rRNA sequence 226 

analysis and bacterial identification. However, several researchers report the sequence 227 

similarity derived through a local alignment algorithm. Earlier reports have suggested that the 228 

species belonging to the taxa Gammaproteobacteria show higher intra-species variability 229 

(Vetrovsky and Baldrian, 2013). Hence, we estimated the percent identity of intra-genomic 16S 230 

rRNA gene copies of Enterobacter asburiae using local and global alignment algorithms. The 231 

reference genome of E. asburiae has eight 16S rRNA gene copies in its genome. The BLAST 232 

and Clustal sequence alignment algorithms yielded marginally varying results for the intra-233 

genomic 16S rRNA gene copies. Local alignment algorithms may not consider base 234 

mismatches at the sequence ends for calculating percent identity, while global alignment 235 

algorithms consider entire bases. Therefore, we suggest that global sequence alignment is best 236 

for estimating intra and inter-species identity for single gene copies. However, BLAST can 237 

calculate the total alignment score with multiple paralogues regions. Hence, we suggest 238 

BLAST2 for estimating the sequence similarity using concatenated barcode reference 239 

libraries.  240 

The GenBank (Leray et al. 2019) and NCBI 16S database for bacteria (Winand et al. 241 

2020) are reliable for species-level identification and classification. However, few earlier 242 

studies have been highlighted the misclassification of species and genome assemblies at public 243 

genetic databases (Parks et al. 2018; Varghese et al. 2015). For example, the 16S rRNA 244 

sequence (Ac. No. LT707617) shows the organism as Streptococcus mitis. Conventional 245 

BLAST-based sequence similarity search shows the highest identity of 99.60% with S. 246 

mitis 16S rRNA sequence (Ac. No. AB002520). However, the 16S rRNA sequence (Ac. No. 247 

LT707617) did not show significant similarity with other 16S rRNA reference sequences 248 

available for S. mitis. Further, the sequence also shows 99.44% identity with reference 16S 249 
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rRNA sequences of S. gordonii. Hence, we performed a sequence alignment of the sequence 250 

(Acc. No. LT707617) against species-specific concatenated 16S rRNA reference libraries 251 

for S. gordonii (S.gordonii-Ref-I), and S. mitis (S.mitis-Ref-I). The alignment resulted in a 252 

significant identity of 99.44% with S.gordonii-Ref-I (2279 maximum and 9041 total alignment 253 

score) than S.mitis-Ref-I (97.13% identity with 2119 maximum and 8449 total alignment 254 

score). Single copy BLAST results may show only a minor fraction of the difference in percent 255 

identity and maximum or total alignment score for closely related species. However, sequence 256 

similarity estimation using species-specific concatenated reference libraries shows a significant 257 

difference in total alignment score, as it is aligned against four copies. Hence, 16S rRNA 258 

analysis with species-specific concatenated barcode reference library will give better accuracy 259 

for bacterial classification than approaches using a single copy.  260 

Several 16S rRNA sequences show 100% identity with multiple species, which is the 261 

major challenge in sequence-based species identification. For example, 16S rRNA sequence 262 

from S. mitis sequence (Ac. No. GU470907.1; 1522 bp) share 100% identity with 16S rRNA 263 

gene from S. oralis strain ATCC 35037 genome (Ac. No. CP034442.1). Hence, we compared 264 

the sequence (GU470907.1) against the species-specific concatenated reference libraries for S. 265 

oralis (S.oralis-Ref-I), and S. mitis (S.mitis-Ref-I). The result showed 100% identity with S. 266 

oralis (2787 maximum and 10936 total alignment score), and 99.14% identity with S. 267 

mitis (2715 maximum and 10796 total alignment score). Further, we plotted a phylogenetic 268 

tree of GU470907 (1509 x 4 = 6036 bp) with reference libraries S.mitis-Ref-I, and S.oralis-269 

Ref-I. The Maximum Likelihood-based phylogenetic tree showed that the S. 270 

mitis (GU470907.1) sequence is closely related to S. oralis than S. mitis (Fig. 3B). 271 

Concatenated 16S rRNA-based estimation of sequence similarity and a phylogenetic inference 272 

provides resolution than single-gene approaches. These results show that concatenated 16S 273 

rRNA approach is very effective in discriminating genetically related bacterial species. Further, 274 
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other studies also highlighted that the phylogenetic tree inferred from vertically inherited 275 

protein sequence concatenation provided higher resolution than those obtained from a single 276 

copy (Ciccarelli et al. 2006; Thiergart et al. 2014).  277 

Recent phylogenetic studies using concatenated multi-gene sequences data highlighted 278 

the importance of incorporating variation in gene histories and which will improve the 279 

traditional phylogenetic inferences (Devulder et al. 2005; Johnston et al. 2019). As a cost-280 

effective approach, we combine substantial variations in 16S rRNA gene copies from a species 281 

to examine the performance of the single gene concatenation approach. Analysis using 282 

concatenated 16S rRNA gene approach have some advantages: (i) the gene is present in all the 283 

bacterial species, (ii) the gene is weakly affected by horizontal gene transfer, (iii) the approach 284 

is very cost-effective, (iv) large volume of reference genomic data available for several 285 

bacterial species, (v) effective to discriminate closely related bacterial species, and (vi) 286 

availability of bioinformatics resources for data analytics. 287 

Sequencing and analysis of the 16S rRNA gene region is considered the gold standard for 288 

identifying and classifying the bacterial population. The accuracy of bacterial taxonomy based 289 

on 16S rRNA barcode regions is limited by the intra-genomic heterogeneity of multiple 16S 290 

rRNA gene copies and significant sequence identity of this gene between the closely related 291 

taxa. Overcoming these challenges, clinical laboratories are looking forward to translating high 292 

throughput microbial genomic data into meaningful, actionable information that clinicians can 293 

readily understand and quickly implement for bacterial identification. We suggest not to rely 294 

upon one type of analysis, instead and to a certain extent, integrated bioinformatics approaches 295 

can avoid misclassification. Developing a species-specific catalogue of concatenated 16S 296 

rRNA gene copies for the sequence similarity and phylogenetic studies will give better 297 

inference and can be used even in mapping-based metagenome approaches.  298 

 299 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.09.503025doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.09.503025
http://creativecommons.org/licenses/by/4.0/


13 
 

Conclusion 300 

The concatenated 16S rRNA analysis drew the following suggestions:  301 

 Full-length 16S rRNA gene amplification provides better accuracy than inference from 302 

a partial gene with a limited number of variable sites. 303 

 Prior to the analysis, trim the bases beyond the primer ends and correct the base-call 304 

errors, which will avoid several mismatches in the sequence alignment.  305 

 Estimation of mean 16S rRNA identity at the intra-species level helps to classify the 306 

species having a higher degree of intra-genomic 16S rRNA heterogeneity.  307 

 Use full-length 16S rRNA gene copies from whole-genome assemblies (in 'complete' 308 

stage) rather than partial sequences available at the public genetic databases to construct 309 

species-specific concatenated 16S rRNA libraries and further downstream analysis. 310 

 Distinct four 16S rRNA gene copies cover all the Parsim-Info variable sites of a species 311 

can be used to construct concatenated species-specific reference library.  312 

 The total alignment score can be considered, if the query sequence shows more or less 313 

the same percent identity with multiple species.  314 

 Do not rely only on sequence similarity; make a final decision based on the 315 

phylogenetic inference. 316 

 317 
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Table 1. Percent identity of eight intra genomic 16S rRNA regions from Enterobacter asburiae 

strain ATCC 35953 (NZ_CP011863.1). Percent identity given below the diagonal line is 

calculated with Clustal Omega software (Mean identity: 99.29%) and those above the diagonal 

line was calculated with BLASTN program (Mean identity: 99.00%). Genome coordinates of 

16S rRNA copies- R1: 2686082-2687660 (1579 bp); R2: 3148265-3149814 (1550 bp); R3: 

3313470-3315019 (1550 bp); R4: 3583942-3585481 (1540 bp); R5:3684745-3686294 (1550 

bp); R6: 3771751-3773300 (1550 bp); R7: 3968538-3970087 (1550 bp); R8: 4647650-4649199 

(1550 bp) 

 
 
 
 
 

 

 

 

 

 

 

 

16S rRNA copies R1 R2 R3 R4 R5 R6 R7 R8 

R1  98.10 98.04 97.47 98.04 97.47 97.59 98.04 

R2 99.10  99.74 99.23 99.94 99.29 99.48 99.94 

R3 98.97 99.74  99.23 99.68 99.03 99.23 99.81 

R4 98.90 99.41 99.41  99.16 98.52 98.71 99.29 

R5 99.03 99.94 99.68 99.35  99.23 99.42 99.87 

R6 98.39 99.29 99.03 98.70 99.23  99.68 99.23 

R7 98.58 99.48 99.23 98.89 99.42 99.68  99.42 

R8 99.03 99.94 99.81 99.48 99.87 99.23 99.42  
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Table 2. Details of whole genome assemblies used for the development of concatenated 16S rRNA reference libraries. One copy of 16S rRNA 

gene from each strain is used for the concatenation.  

Species Strains  

Genome 

accession 

number 

No. of 16S 

rRNA gene 

copies 

Sequencing 

platform 

Species-specific 

library name 

Library 

length (bp) 

No. of Parsim-

info sites 

S. gordonii 
 

FDAARGOS 

1454 
CP077224.1 4 PacBio; Illumina 

S.gordonii-Ref-I 6076 7 NCTC7868 LR134291.1 4 PacBio 

KCOM 1506 CP012648.1 5 Illumina 

NCTC9124 LR594041.1 4 PacBio 

S. mitis 

B6 NC_013853.1 4 NA 

S.mitis-Ref-I 6033 11 
KCOM 1350 CP012646.1 3 Illumina 

SVGS 061 CP014326.1 4 PacBio; Illumina 

NCTC 12261 CP028414.1 4 PacBio 

S. oralis 

NCTC 11427 LR134336.1 4 PacBio 

S.oralis-Ref-I 6038 24 
34 CP079724.1 4 Illumina; Nanopore 

FDAARGOS 886 CP065706.1 4 PacBio; Illumina 

F0392 CP034442.1 4 PacBio 

S. 

pneumoniae 

475 CP046355.1 4 PacBio 

S.pneumoniae-Ref-I 6032 6 
NU83127 AP018936.1 4 Nanopore; Illumina 

NCTC7465 LN831051.1 4 PacBio 

6A-10 CP053210.1 4 PacBio 
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Table 3. Similarity of selected sequences against the concatenated species-specific 16S rRNA reference libraries.    

GenBank Acc. 
No. Species 

S. gordonii-Ref-I S. mitis-Ref-I S. oralis-Ref-I S. pneumoniae-Ref-I 

Max 
Score 

Total 
Score 

Identity 
(%) 

Max 
Score 

Total 
Score 

Identity 
(%) 

Max 
Score 

Total 
Score 

Identity 
(%) 

Max 
Score 

Total 
Score 

Identity 
(%) 

AJ295848.1 S. mitis 2495 9967 96.45 2769 11027 99.80 2758 10851 99.67 2752 10982 99.60 

AM157428.1 S. mitis 2462 9845 96.05 2724 10866 99.27 2702 10685 99.01 2708 10805 99.07 

NR_028664.1 S. mitis 2499 9991 96.45 2776 10979 99.87 2750 10864 99.54 2724 10888 99.27 

GU470907.1 S. mitis 2536 10096 96.91 2715 10796 99.14 2787 10936 100 2091 10716 98.87 

KF933785.1 S. mitis 2466 9832 96.06 2667 10593 98.54 2673 10650 98.61 2632 10502 98.15 

OM368574.1 S. mitis 2475 9896 96.24 2754 10968 99.67 2732 10814 99.40 2760 10990 99.73 

OM368578.1 S. pneumoniae 2475 9896 96.24 2754 10968 99.67 2732 10814 99.40 2760 10990 99.73 

AM157442.1 S. pneumoniae 2470 9863 96.12 2702 10779 99.01 2715 10726 99.14 2702 10777 99.01 

NR_117719.1 S. oralis 2531 10074 96.84 2710 10774 99.07 2787 10925 100 2697 10739 98.94 
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Figure Legends 457 

 458 

Fig. 1. Multiple sequence alignment of eight intra genomic 16S rRNA gene copies from 459 

Enterobacter asburiae strain ATCC 35953 (NZ_CP011863.1) showing 22 variable sites.  460 

 461 

Fig. 2. Phylogenetic tree of eight intra genomic 16S rRNA gene copies from Enterobacter 462 

asburiae strain ATCC 35953 (NZ_CP011863.1). The node label denotes the coordinate of 16S 463 

rRNA regions in the genome. 464 

 465 

Fig. 3. A) Phylogenetic analysis of analysis of randomly selected 16S rRNA sequences 466 

classified as Streptococcus species. B) Concatenated 16S rRNA phylogeny of Streptococcus 467 

mitis sequence (Ac. No. GU470907.1) showed 100% identity with Streptococcus oralis 468 

genome (Ac. No. CP034442.1) in BLAST based sequence similarity search. The node name 469 

highlighted in shapes (●, ■, ▲, ◆) represents the four species-specific reference libraries.  470 
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