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1 Introduction 

1.1 Human gut microbiota and health 

 It is known that there are about 1014 indigenous bacteria in various sites of human body, of 

which the cell number roughly accounts for 10 times more than that of the total human cells. 

Among human body sites, the gastrointestinal tract is the major habitat of gut microbes, 

which form distinctive ecosystem by integrating with various components of host cells and 

exogenous ones from foods [1-3].  

 International Human Microbiome Consortium (IHMC) was launched in 2008 to 

comprehensively elucidate human microbiome, the collective genomes of human microbes 

[3]. One of the major goals of IHMC is to construct a reference database of genomes of 

human microbes. Up to now, 1,147 strains isolated from several human habitats have been 

sequenced fully (as finished sequences) or incompletely (as draft sequences), and deposited in 

Human Microbiome Project (HMP) database (http://www.hmpdacc.org). Present status of 

sequencing of human microbes was summarized in Table 1.1. 

 In gut microbiota of healthy adults, it was revealed that the major taxonomic groups at the 

phylum level include Bacteroidetes, Firmicutes, Proteobacteria and Actinobacteria, and the 

minor taxonomic groups include Fusobacteria, Tenericutes, and Verrucomicrobia [2]. 

Moreover, the major taxonomic groups at genus level are Bacteroides, Ruminococcus, 

Clostridium, and Faecalibacterium [2].  It is also known that the species composition is 

highly varied, but gene profiles or contents are highly conserved among individuals [2, 4, 5]. 

The gut microbiota contributes to a variety of biological functions such as “energy production 

and storage, carbohydrate metabolism, secondary metabolites biosynthesis, amino acid 

metabolism, and transport and catabolism” [5], therefore, it can be called as “forgotten organ” 

[6].  
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 In this concern, imbalance of gut microbiota is also known to be closely related with various 

diseases such as obese and inflammatory bowel disease (IBD), of which the bacterial 

composition significantly differed from that of healthy subjects [7-12]. 

 

Table 1.1 Present status of sequenced strains of human microbes isolated from various 
sites 

 
 

1.2 Advance of DNA sequencing technologies 

 Modern DNA sequencing technology was started with two different methods in 1977. One is 

the Sanger method [13, 14] and the other is the Maxam-Gilbert method [15]. Especially, the 

Sanger method later became most popular in molecular biology fields and was utilized in the 

Human Genome Project conducted from 1991 to 2004 [16-22].  

 Since 2005, various types of sequencing methods and sequencers, so-called “Next-

Generation Sequencing (NGS)”, have been developed [23-28]. Sequencers based on NGS 

equip with the technologies different from that of the Sanger method. For example, 

pyrosequencing is based on detection of pyrophosphate molecule released from DNA 

synthesis by polymerase, and Roche GS FLX+ system based on pyrosequencing is 

characterized by simultaneous determination of nucleotide sequences for millions of 

templates using picoliter reactors, which made it possible to perform high-throughput 

sequencing with thousands to million-fold of the traditional capillary-type DNA sequencers 

based on the Sanger method [29-31]. 

  

Body habitat
Airways 148 50
Blood 55 43
Gastrointestinal tract 706 375
Oral 435 205
Skin 295 116
Urogenital tract 315 133
others 13 4
unknown 514 221
Total 2,481 1,147

No. of sequenced strainsNo. of isolated strains
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1.3 16S ribosomal RNA gene 

 Ribosome is a large complex particle composed of various ribonucleic acid molecules and 

proteins [32, 33]. The synthesis of proteins in cell is carried out by the ribosome composed of 

ribosomal RNAs (rRNAs) and ribosomal proteins [34]. In prokaryote, there are three different 

5S, 16S, and 23S rRNAs, which have different sedimentation coefficients, respectively [35, 

36]. The genes encoding the rRNA are commonly existed in all prokaryotes. Among them, 

16S rRNA gene can be used in microbial community analysis including species assignment 

and its abundance [37-40]. Escherichia coli known as a model species for bacteria has seven 

copies of 16S rRNA genes of which the average length is about 1.5 kb in its genome. The 16S 

rRNA molecule forms its secondary structure (Figure 1.1) in combination with several 

ribosomal proteins to exhibit its biologically function [41]. Due to this structural feature of 

16S rRNA molecule, it possesses highly and nine less conserved regions in the molecule 

(Figure 1.2) [42, 43]. The nine less conserved regions have less effect on the formation of 30S 

subunit assembly, resulting in highly mutated sequences (hypervariable regions) specific to 

bacterial species [44, 45]. Therefore, these hypervariable regions can be used as a 

phylogenetic marker based on their sequence diversity [46-48]. Moreover, the development of 

the polymerase chain reaction (PCR) method [49, 50] made 16S rRNA gene method more 

popular to use for the analysis of microbial communities in various hosts and environments 

including human, soil, and sea [2, 39, 51].  
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Figure 1.1 Secondary structure of Escherichia coli 16S rRNA.  
The length of Escherichia coli 16S rRNA is about 1.5 kb. 16S forms its secondary structure to 
function. (Figure taken from The Center for Molecular Biology of RNA website.) 
 

 
Figure 1.2 Structure and hypervariable regions in 16S rRNA gene.  
The 16S gene has highly conserved regions [42] and highly variable (hypervariable) regions 
[43, 46] and these hypervariable regions can be used as a phylogenetic marker. 
 

1.4 Operational Taxonomic Units 

 OTU (Operational Taxonomic Unit) is exclusively employed to taxonomically analyze 

bacterial communities [52-55]. OTU analysis includes computational clustering of 16S 

sequences obtained from bacterial communities to classify them into the units composed of 
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sequences having high nucleotide identity, which can be taxonomically assigned to the 

corresponding species. In early OTU analysis, nearly full-length 16S rRNA gene cloned in 

plasmid sequenced by the Sanger method was used [56-58]. However, many of recent NGS-

based sequencers produce short (35 bp~/read) but massive sequencing data as compared with 

the Sanger method-based sequencer (~800 bp/read). This NGS performance has changed the 

OTU analysis of 16S rRNA sequences in which short sequences covering only a few 

hypervariable regions of 16S rRNA gene are used [59-62]. Current NGS-based OTU analysis 

consists of mainly three steps, quality filtration of sequenced reads, clustering of high-quality 

16S reads (OTUs formation), and various analysis of OTU data using α- or β-diversity 

metrics including UniFrac distance [63] to examine taxonomical and structural features of 

bacterial communities (Figure 1.3).  
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Figure 1.3 Flowchart of 16S-based OTU analysis with quality filtration.  
Sequenced reads including quality score are filtered using several filtering methods, and 
clustered to OTUs. Generated OTU dataset and representative sequences of each OTU are 
used for various analyses of microbial community. 
  

Quality filtration 

OTU generation (clustering) 

Input sequence 
and quality reads 

Filter-passed 
sequences 

OTU dataset and 
representative sequences 

α-diversity β-diversity 

Statistical analysis 

Taxonomical assignment 

Calculation of phylogeny 

Outputs (figures and tables) 
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2 Organization of the dissertation 

 As described above, NGS-based 16S rRNA gene analysis has become more popular because 

it provided the culture-independent high-throughput approach to comprehensively evaluate 

the overall structure and change in relative abundance of species at the OTU level. 

 This dissertation contains three major chapters. In chapter 3, I described development and 

construction of genomic-based 16S ribosomal database (GRD). GRD is the highly curated 

16S rRNA gene database, and was constructed from full-length 16S rRNA genes in 

sequenced bacterial genomes using various informatics tools and by my own curated editing. 

The 16S rRNA sequence data can be more properly assigned to bacterial species by using 

GRD than other known 16S rRNA gene databases. In addition, I estimated 16S rRNA 

sequence similarity that determined the boundary between each taxonomic level by using 

GRD. In chapter 4, I described development of an analytical pipeline for 454 pyrosequencing 

data of 16S rRNA gene V1-V2 region, by which the quantitative accuracy in 16S-based 

bacterial composition analysis was greatly improved. First, I estimated the error rate of 454 

pyrosequencing data to be ~0.6% from 16S rRNA sequence data obtained from two artificial 

bacterial communities, Mock 1 and Mock 2, prepared by mixing genomic DNAs of known 

bacteria with appropriate ratio. Second, I found that the error in the 454 pyrosequencing data 

was the primary cause of overestimation of species richness based on the number of OTUs 

generated from clustering of 16S rRNA sequence reads. This overestimation was improved 

by using clustering with a 96% identity cutoff instead of the conventional 97% identity cutoff. 

Finally, I developed the modified primer (27Fmod) used for PCR amplification of V1-V2 

region in 16S rRNA genes, by which I improved underestimation of the relative abundance of 

the genus Bifidobacterium, one of the major species in human microbiota, observed in the 

data using the conventional primer 27F. In chapter 5, I analyzed the overall structure of gut 

microbiota of healthy adults in response to probiotic intervention by using GRD, UniFrac 
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distance metrics, and the improved analytical pipeline for 454 pyrosequencing data of 16S 

rRNA V1-V2 region. 
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3 Development of genomic-based 16S ribosomal 

RNA gene database 

3.1 Background 

 The 16S rRNA gene data is important and prerequisite for the analysis of microbial 

communities. It has nine hypervariable regions, which are useful for species assignment and 

evaluation of the bacterial composition in microbial communities. The copy number of 16S 

rRNA genes in one bacterium is varied from one to 15. It is known that anti-Shine-Dalgarno 

sequence (anti-SD) is usually situated at the 3’ end of 16S rRNA gene, and is complementary 

sequence of the Shine-Dalgarno sequence in mRNA [64]. Several variants of 16S rRNA 

genes have been also found so far. For example, some complete genomes did not have anti-

SD in the GenBank annotation [65, 66], and certain bacteria possess intervention sequences 

within their 16S rRNA genes, some of which were found to be introns [67].  

 There are publically available 16S rRNA gene databases, Ribosomal Database Project (RDP) 

[68], SILVA [69], and Greengenes [70]. These databases were constructed on the basis of 

16S rRNA genes annotated in genome sequences and those obtained by targeted sequencing 

of PCR-amplicons from isolated bacteria and bacterial communities in 

GenBank/DDBJ/EMBL. For construction of these databases, various 16S rRNA gene 

annotation strategies have been employed, and in some cases inconsistency of the exact 

annotation of 16S rRNA gene can be seen. In addition, contaminations of unrelated sequences 

to 16S rRNA gene such as 23S rRNA gene are also observed, and are problematic. 

 To solve and overcome problems in 16S rRNA gene databases described above, I attempted 

to construct an improved 16S rRNA gene database, which is called GRD (Genomic-based 

ribosomal RNA Database) and the website address is http://grd.cb.k.u-tokyo.ac.jp. 
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3.2 Methods 

3.2.1 Detection of 16S ribosomal RNA gene in the genomes publicly 

available 

 I downloaded 2,275 completed and 5,664 draft genome sequences including Human 

Microbiome Project (HMP) data from NCBI and performed similarity search with 16S rRNA 

gene sequence annotated of Escherichia coli str. K-12 substr. W3110 using GLSEARCH 

(version 36.3.5e) [71]. I extracted 16S rRNA candidate sequences having global/local scores 

of ≥0 with the E. coli 16S rRNA gene sequence. These searches were performed both with 

combined individual systems and in-house cluster system using Torque job scheduler with 

dedicated configuration for the massive jobs. 

 

3.2.2 Curation of 16S in complete genome sequences 

 The 16S rRNA candidate sequences obtained from the complete genomes were compared 

with the E. coli 16S sequence for Bacteria and 16S rRNA sequence of Pyrobaculum 

aerophilum str. IM2 for Archaea. Additionally, BLASTN (version 2.2.26) [72, 73] search 

with their own genome sequences was also performed. The results indicated the existence of 

several annotation errors due to insertion sequences and lacking of part of 16S rRNA gene 

probably due to the algorithm. Therefore, I manually edited all the sequences using MAFFT 

[74] with G-INS-i, E-INS-i, and FFT-NS-2 algorithms, ClustalX (version 2.1) [75], and 

visualized genome mapping results from BLASTN output. I successfully enumerated highly 

curated 16S rRNA sequences including ones having insertion sequences such as a 16S rRNA 

gene having a length of 2,933bp in Micrococcus luteus NCTC 2665. 
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3.2.3 Curation and construction of full-length 16S rRNA gene in 

draft genomes 

 Several consortia including IHMC and individual research groups have also been publishing 

bacterial draft genomes, of which the sequence quality is less than that of the finished 

genomes. Therefore, many of draft genomes contained not only full-length but also partial 

16S rRNA gene sequences. To generate full-length or nearly full-length 16S rRNA gene 

sequence from draft genomes, I performed assembly of partial sequence fragments of 16S 

rRNA gene in each genome. I developed a pipeline using shell script, Ruby language, and 

BioRuby (version 1.4.3) API [76] to map partial sequences to reference sequence. Therefore, 

the selection of reference sequence was important. I collected 16S candidate sequences from 

scaffold or contig sequences of each draft genome using the same method as that for 

extracting 16S rRNA gene sequences from the finished genomes. When the finished genomes 

of species taxonomically same or similar to species to be analyzed were available, I used their 

full-length 16S rRNA genes as reference sequences for alignment with partial 16S sequences 

in draft genomes. When appropriate species closely related to species to be analyzed was 

unavailable, I used full-length 16S sequence of Escherichia coli for Bacteria and that of 

Pyrobaculum aerophilum for Archaea as references. First, all candidate sequences in each 

draft genome were split by nucleotide code N and assembled to construct one file of multiple 

FASTA format using Phrap assembler [77]. After aligning the assembled sequences with the 

reference sequence, distance of each 16S candidate sequence with the reference was 

calculated. From these distances, most likely 16S sequences were obtained. When candidate 

sequences still had several gaps between the assembled sequences, I inserted Ns for filling 

gap according to the length of reference sequence.  
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3.2.4 Detection of full-length 16S rRNA genes which have 5’ and 3’ 

regions in GRD and GenBank 

 GRD constructed by above-mentioned process was evaluated in comparison with GenBank 

by investigating the existence of 5’ or 3’ ends in 16S rRNA genes. I used 8F primer region for 

the 5’ end and the anti-SD site for the 3’ end. I extracted the annotated 16S rRNA genes in the 

GenBank by searching “16S”, “ssu”, “rrna”, “small-subunit”, or misannotations like ‘LSU” as 

keywords.  

 
3.2.5 Comparison of microbial compositions using GRD and other 

public 16S rRNA gene databases 

 To compare and assess the quality of GRD and other 16S rRNA gene databases, I 

downloaded 16S rRNA genes from the newest versions of three databases (Greengenes: 

release 12.10, RDP: release 10 update 32, SILVA: release 111), and also downloaded query 

sample for the assessment of the accuracy from NCBI (Table 3.1). I used even mixture 

community (HMP synthetic mock even mixture - 454 sequencing result) as query sample for 

the assessment because only this sample had qPCR data, enabling to validate the results 

(Table 3.2). Alignment was performed by BLASTN under the conditions of the aligned 

length ≥ 200bp, e-value < 1e-5, and top hit.  

 

Table 3.1 Websites for 16S rRNA gene databases and HMP mock community 
Database & Sample URL 

Greengenes http://greengenes.secondgenome.com/downloads/database/12_10  

RDP http://rdp.cme.msu.edu/misc/resources.jsp 

SILVA http://www.arb-silva.de/no_cache/download/archive/current/Exports/ 

HMP mock  http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?cmd=viewer&m=data&s=viewer&run=SRR072233 
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Table 3.2 HMP Mock even mixture community 

Percentage of qPCR was converted gDNA per copy of qPCR into 16S copy number. 
NA : not analyzed. 
 

3.2.6 Calculation of boundary identity between taxonomic levels 

 I used highly curated 16S rRNA gene dataset from GRD for calculation of 16S sequence 

identity at each taxonomic level. Filter-passed 16S sequences having ≥1,400 bp were 

performed with multiple alignment using MAFFT (v7.029b) with G-INS-i algorithm [74] for 

accurate alignment. Aligned sequences were performed distance-calculation by Clustal 

Omega (version 1.1.0) [78]. From the calculated distance matrix, I obtained sequence identity 

of boundary between each taxonomic level using distance calculation algorithm described 

below. 

 

 

Organism 
Theoretical qPCR 

16S % 16S % 

Methanobrevibacter smithii ATCC 35061 10,000 4.76 NA 0.000 

Actinomyces odontolyticus ATCC 17982 10,000 4.76 1.00E-15 2.092 

Propionibacterium acnes DSM16379 10,000 4.76 8.76E-16 4.245 

Bacteroides vulgatus ATCC 8482 10,000 4.76 7.57E-16 5.372 

Deinococcus radiodurans DSM 20539 10,000 4.76 1.05E-15 44.843 

Bacillus cereus ATCC 10987 10,000 4.76 4.47E-16 2.232 

Listeria monocytogenes ATCC BAA-679 10,000 4.76 5.03E-16 2.117 

Staphylococcus aureus ATCC BAA-1718 10,000 4.76 5.89E-16 3.166 

Staphylococcus epidermidis ATCC 12228 10,000 4.76 5.13E-16 6.832 

Enterococcus faecalis ATCC 47077 10,000 4.76 8.25E-16 0.720 

Lactobacillus gasseri DSM 20243 10,000 4.76 3.25E-16 1.259 

Streptococcus agalactiae ATCC BAA-611 10,000 4.76 3.17E-16 1.544 

Streptococcus mutans ATCC 700610 10,000 4.76 4.17E-16 3.015 

Streptococcus pneumoniae ATCC BAA-334 10,000 4.76 5.54E-16 3.916 

Clostridium beijerinckii ATCC 51743 10,000 4.76 4.40E-16 2.317 

Rhodobacter sphaeroides ATCC 17023 10,000 4.76 1.41E-15 2.467 

Neisseria meningitidis ATCC BAA-335 10,000 4.76 5.83E-16 3.153 

Helicobacter pylori ATCC 700392 10,000 4.76 8.55E-16 1.408 

Escherichia coli ATCC 700926 10,000 4.76 6.81E-16 1.065 

Acinetobacter baumannii ATCC 17978 10,000 4.76 8.16E-16 5.246 

Pseudomonas aeruginosa ATCC 47085 10,000 4.76 1.61E-15 2.991 
Candida albicans ATCC MY-2876 1,120 0.53 NA 0.000 
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𝑠! = 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒  𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒  𝑜𝑓    𝑖  𝑎𝑡  𝑡ℎ𝑒  𝑠𝑝𝑒𝑐𝑖𝑒𝑠  𝑜𝑟  𝑠𝑡𝑟𝑎𝑖𝑛  𝑙𝑒𝑣𝑒𝑙    

𝑐! = 𝑠𝑢𝑏  𝑡𝑎𝑥𝑜𝑛  𝑜𝑓  𝑠!   𝑖𝑛  𝑡ℎ𝑒  𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  𝑡𝑎𝑥𝑜𝑛      

𝑑!" = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑠! , 𝑠!   𝑖𝑓  𝑐! ≠ 𝑐!        

 

 All data handling and statistics calculation were done using Ruby and R. In the calculation of 

higher taxonomic level than species, sequences having the shortest distance from others in the 

same species were used as representative sequences in each species, respectively. At species 

level, representative sequences were selected from each strain of the same species. At strain 

level, all sequences were used for calculation of sequence identity. In this way, I obtained 

average, minimum, maximum identities of boundary sequences between each taxonomic level 

with confidence interval of 95%.  

 

3.3 Results 

3.3.1 Evaluation and comparison of the quality of full-length 16S 

rRNA genes between GRD and GenBank 

 Among 7,038 genomes downloaded, I could totally extract 13,252 16S sequences from 6,519 

genomes, of which the average length was 1,520 bp (Table 3.3). However, the multiple 

alignments of the 16S sequences identified length variations due to the presence or absence of 

various insertion sequences. Among them, the longest 16S rRNA gene had a length of 3,606 

bp of Pyrobaculum sp. 1860. Previous study also reported the existence of 3.5kb of 16S 

rRNA gene of Thiomargarita namibiensis [67]. 

 I compared the ratio of strains having the 5’ or 3’ regions in the 16S sequences between GRD 

and GenBank. In GRD, 100% and 99.9% of total 16S sequences had the 5' and 3' regions, 

respectively, while 85.2% and 56.7% had 5' and 3’ regions, respectively, in GenBank (Table 

3.4). For example, 16S sequence of Acetobacter pasteurianus IFO 3283-03 lacked the 5’ and 
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3’ regions in GenBank, which was annotated from downstream of 27F universal primer 

region to 13 bp upstream of anti-SD site. 

 Several differences in copy number and length of 16S rRNA genes were also observed 

between GRD and GenBank. I found that the average copy numbers of 16S rRNA genes in a 

genome between GRD and GenBank were almost same. However, several genomes showed 

differences in 16S copy number between GRD and GenBank. For example, Staphylococcus 

aureus subsp. aureus ST398 had no 16S annotation in the GenBank, although other genes 

were annotated. As another example, Lactobacillus casei BD-II had ten copies of 16S 

sequences in GenBank, while the same strain had five copies of 16S sequences in GRD. 

 Comparison of the length of 16S rRNA genes between GRD and GenBank showed that the 

average length of 16S rRNA genes in GRD was 16 bp longer than that in GenBank. However, 

I found several 16S rRNA genes of which the length difference was more than 1,000 bp 

between GRD and GenBank. For example, 16S rRNA gene of Brachyspira pilosicoli 95/1000 

had a length of 3,281 bp in GenBank, which contained non-16S sequences and the accurate 

length was 1,513 bp in annotation by GRD. For another example, 16S rRNA gene of 

Pyrobaculum sp. 1860 was annotated for a length of 1,499bp in GenBank. However, this 

annotation excluded intron sequences present in the 16S gene. In GRD, the length of this 16S 

gene was 3,606 bp including intron sequences. 

 I also investigated the distribution of 16S copy number in species. For this analysis, I 

selected and used 1,353 unique representative species from strains in GRD. The result 

indicated that there is the exponentially inverse correlation between 16S copy number and 

species number, and that the half of the total species analyzed had three or less 16S copy 

numbers in their genomes (Figure 3.1). The data also showed that the average 16S copy 

numbers were 1.65, 3.78, and 3.58 copies of 16S rRNA genes for Archaea, Bacteria, and all 

prokaryote, respectively. 

 I identified 32 strains having difference in 16S copy number with more than one between 

GRD and GenBank (Appendix Table 1) and 139 strains having difference in the average 
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length with more than 100 bp between GRD and GenBank (Appendix Table 2). I also found 

108 strains having high copy numbers of 16S rRNA genes with more than 10 (Appendix 

Table 3), and 443 strains having single copy of 16S rRNA gene in GRD, respectively 

(Appendix Table 4). 

 

Table 3.3 Detection of genomes containing curated 16S gene in GRD 

 
 

Table 3.4 Ratio of full-length 16S rRNA genes in the complete genomes in GRD and 
GenBank 

Detection of genomes containing curated 16S in GRD 

  GenBank (Total) Detected genome 

Complete genome 2,277 2,275 

Draft genome 4,761 4,244 

Total 7,038 6,519 

Threshold : GLSEARCH Score ≥ 0 �

 Archaea Bacteria All 

No. of 16S gene 147 2,128 2,275 

16S sequences  
extracted by GRD 

Existence of 5’ 147 (100%) 2,128 (100%) 2,275 (100%) 

Existence of 3' 147 (100%) 2,126 (99.9%) 2,273 (99.9%) 

Avg. no. of 16S 1.63 4.12 3.96 

Avg. length(bp) 1,527 1,529 1,529 

16S sequences  
extracted by GenBank 

Existence of 5’ 122 (83%) 1,816 (85.3%) 1,938 (85.2%) 

Existence of 3' 101 (68.7%) 1,188 (55.8%) 1,289 (56.7%) 

Avg. no. of 16S 1.61 4.08 3.92 

Avg. length(bp) 1,484 1,515 1,513 
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Figure 3.1 Distribution of 16S copy number in species.  
The results show the exponentially inverse relationship between 16S copy number and 
species number. 
 

3.3.2 Comparison of microbial compositions between GRD and 

other public 16S rRNA gene databases 

 I performed comparative analysis of GRD with other 16S rRNA gene database for the 

assessment of accuracy. Commonly used 16S rRNA gene databases were Greengenes 

conducted by Second Genome Company, RDP by Michigan State University, and SILVA by 

Max Planck Institute for Marine Microbiology. For assessing the result of assignments, mock 

even mixture community published by HMP (Table 3.2) was used as query sample. The 

metagenomic shotgun sequencing data generated by 454 pyrosequencing of HMP Mock 

community sample had the average read length of about 400 bp. Among reads randomized 
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generated from the constituted genomes in Mock community, some reads contain part of 16S 

rRNA gene, its upstream or downstream sequences including 16S-23S internal transcribed 

spacer (ITS), and part of 23S rRNA gene. GRD was constructed by completely removing 

unrelated sequences, resulting in 16S rRNA gene database composed only of fully curated 

16S sequences. Therefore, one can expect that all metagenomic reads assigned by GRD 

contain parts of 16S rRNA gene. On the other hand, if database contains sequences other than 

16S rRNA gene such as flanking ITS and 23S rRNA gene, metagenomic reads assigned by 

the database might include ones that do not contain 16S rRNA gene sequence. I performed 

assignment of metagenomic reads of HMP Mock community sample to GRD and other three 

databases. The result showed that the number of reads assigned by Greengenes was similar to 

that by GRD, and SILVA assigned about 1,000 more reads than GRD, but all of them did not 

contain 16S sequences (Table 3.5). I performed multivariate analysis of the species 

assignment data of each database to evaluate the quantitative accuracy for estimation of the 

bacterial composition at the genus level. The results revealed that the bacterial composition 

estimated by GRD was closest to that by qPCR data, which was thought to be the nearest to 

the true bacterial composition in HMP Mock community sample. In contrast, the estimation 

by SILVA showed most different from that by qPCR data (Figure 3.2). These results 

indicated that GRD gave most quantitatively accurate data for the analysis of the bacterial 

composition based on the 16S rRNA gene among the databases examined, and that other 

three databases are contaminated by sequences other than 16S rRNA gene probably due to the 

incorrect annotation. 

 

Table 3.5 Number of metagenomic reads hit to sequences in GRD and other databases 
Database GRD Greengenes RDP SILVA 

No. of assigned reads 3,360 3,362 3,746 4,318 

Thresholds were match length ≥ 200bp, e-value < 1e-5, and top hit. 
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Figure 3.2 Multivariate analysis for evaluation of quantitative accuracy of bacterial 
compositions estimated from the results using GRD and other databases.  
HMP Mock community even mixture sample was used for comparative analysis. PCA was 
performed at the genus level. 
 

3.3.3 System architectures and features of the web service 

 For the general purpose to share and make use GRD, I developed the website for GRD. This 

system was established based on Linux Operating System, and MySQL (version 5.1.69) was 

used as Database Management System (DBMS). Web interface was developed using HTML5 

web standard with Apache HTTPD Server (version 2.2.15-28) and FCGI module for web 

application. Figure 3.3 explained the architecture of server-side and client-side software for 

the web service. The communication between JavaScript of front-end layer and applications 

layer used WebSocket protocol (RFC 6455) that was implemented in HTML5. General 

method for dynamic (asynchronous) communication was Asynchronous JavaScript and XML 

(Ajax) technique. However, the advantage of WebSocket is the different connection method 

compared with conventional asynchronous communication. Once connection is established, 

its connection can be used again until user leaves the page unlike Ajax technology like 

XMLHttpRequest. Especially, this method can be totally useful for many requests in the 

search page in this website, so that overall performance can become up. Currently, there are 
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several versions of WebSocket protocols including draft version, theoretically I prepared to 

respond to all version of WebSocket. Furthermore, for users who are using old web browser, 

Flash version of WebSocket was also applied using web-socket-js 

(https://github.com/gimite/web-socket-js). Application layers were implemented using Ruby, 

BioRuby, etc. All application has fault-tolerant structure. This means that even in the critical 

software level faults, application system will be restored. For massive transactions, I 

constructed application layer as a distributed system and therefore, when user access the 

website, front-end layer connects to one of servers. This architecture was pretty simple, 

however, it could be easy to aggregate or distribute each sub-system. I designed three main 

tables for database storage and two views for showing the results (Figure 3.4). In the table 

“bacteria_info” included overall information of its organism like project ID, taxon ID, culture 

status, etc. In the table “data_source” included accession number and genome size, etc. of 

each organism. And, the table “sequences” included each 16S sequence and its detailed 

information like a position and a length. For updating the database, I implemented publishing 

and obsoleteness concepts. When sequences in NCBI are updated, sequences of GRD can 

also be updated logically without any harmful of data integrity. Each table has each 

relationship between tables. However, I did not set up the relationship in the DBMS due to a 

consistency with GenBank. Therefore, database table has each relationship in the application 

layer, but not in the system layer. 

 For web service, I implemented essential functions like a general search, a taxonomy tree, a 

sequence search, and a dataset download in the website (Figure 3.5). The most important 

function that I focused was a general search function. For easy to use and simple search, the 

biggest tip could be obtained from Web search site such as Google. I separated two types of 

search mode. Default setting is “Taxonomic Name Search”. In this mode, user can search 

using taxonomic name, taxon ID, or accession ID. If user wants to search using complicated 

search keyword, “Deep Search” mode is able to do for it. In “Deep Search” mode, when user 

queries one or multiple keywords, the search engine of this site basically finds all contents 
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and shows the result. Additionally, I prepared several specific search keywords. If user 

queries just “bacteria”, search results of Archaea taxon due to taxa contained such kind of 

taxon names like “-bacteria” in Archaea group. In this case, if user search as keyword 

“taxon:archaea”, the output shows the exact result. Every search is based on case-insensitive. 

Two or more keywords search in the same time is available using “AND” and “OR” 

keywords. For example, if users want to search “complete” genome strains concerned with 

“environmental”, they just input “complete AND environmental”. If “AND” and “OR” are 

used in the same time, "AND" has higher priority than "OR". For example, "A and B or C and 

D" means "(A and B) or (C and D)". If users want to exclude some keyword from the result, 

user can use “-“ prefix. For example, “soil and marine” keyword returns the results that have 

both “soil” and “marine” keyword. However, if users input “soil and –marine”, the result 

shows the results that include “soil” keyword excluding the results that include “marine” 

keyword. Recent GenBank dataset have been included various metadata like sequencing 

information in “comment” field. More detailed search examples are written in the GRD 

website. In the research result, when user selects the organism name, the website shows 

detailed information based on the information of GenBank and its 16S sequences information, 

and checked organism sequences in the checkbox can be downloaded directly.  User can also 

download all of 16S sequences data including index directly. A downloaded file is zip-

archived, and for the convenience, two types of taxonomy information are included. One type 

includes all rank, and another type includes fixed rank. Theoretically, full taxonomy rank 

consisted of 28 taxonomic ranks based on the NCBI Taxonomy database [79]. Each 

bacterium has some of them from all taxonomic rank, respectively. Therefore, the general 

type using all rank was included taxa of all ranks classified. On the other hand, the fixed rank 

type used eight taxonomy ranks like “domain” (or “superkingdom”), “phylum”, “class”, 

“order”, “family”, “genus”, “species”, and “strain”. In the case of fixing taxonomic ranks, 

some organisms were not classified at some of these eight taxonomic ranks. In this case, I 

inserted ad hoc taxon name like below. 
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“@parentknownrankname_currenttaxonomyrank” 

For example, Acaryochloris marina MBIC11017 was not classified at class and family levels, 

and parent taxon names of them were classified as “Cyanobacteria” (phylum) and 

“Chroococcales” (order). In this case, I named them as “@Cyanobacteria_class” at class 

level and “@Chroococcales_family” at family level. By this, researchers can identify a 

relationship of its rank and it can be useful to summarize.  

 Taxonomical lineage-based browser was also implemented in the website. If users want to 

download several branches of taxonomy, it would be totally useful. NCBI taxonomy team is 

performing curation tasks of taxonomy information. Therefore, it will be changeable 

irregularly by update of GRD. According to this reason, taxonomy tree is loaded every time.  

  



 

23 

 
Figure 3.3 Overall application architecture.  
This shows all application and communication layer in the web application system. If user in 
the client-side (web browser) requests a query, it transfers server-side application through 
each layer, and server-side application performs response for user’s request through server-
side layer to client-side application, and finally web browser shows the result to user. There 
are two types of communication in the system. HTTP communication is used for static data 
like HTML, JavaScript code, and CSS. WebSocket communication is used for dynamic 
request and response like throwing query and returning results. Query Agent manages 
transferring data from user’s request with non-blocking mode. 
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Figure 3.4 Database schema for the website.  
All information was stored in each table as necessary dataset. Each table has relationship with 
another table. However, it has not strict rule in the system level. For the version management, 
each table has “obsoleted,” “under_construction”, and “publish” fields, and these field values 
are checked and appropriate results are returned when user requests a query. 
  

bacteria_info
id BIGINT(20)
entry_id VARCHAR(64)
project_id BIGINT(20)
bioproject_id VARCHAR(45)
organism VARCHAR(1000)
mol_type VARCHAR(45)
hmp_id VARCHAR(32)
taxon_id BIGINT(20)
taxonomy VARCHAR(1000)
date VARCHAR(45)
collection_date VARCHAR(45)
create_time TIMESTAMP
is_complete TINYINT(1)
obsoleted TINYINT(1)
publish TINYINT(1)
under_construction TINYINT(1)
host VARCHAR(100)
habitat VARCHAR(45)
disease VARCHAR(45)
biotic_relationship VARCHAR(45)
gram_staining VARCHAR(45)
pH BIGINT(20)
temperature_optimum VARCHAR(45)
temperature_range VARCHAR(45)
sporulation VARCHAR(45)
motility VARCHAR(45)
cell_shape VARCHAR(45)
oxygen_requirement VARCHAR(100)
body_sample_subsite VARCHAR(100)
body_sample_site VARCHAR(100)
isolation_source VARCHAR(200)
is_type_strain TINYINT(1)
metadata LONGTEXT
is_environmental_sample TINYINT(1)
is_metagenomic TINYINT(1)
metagenome_source VARCHAR(256)
note VARCHAR(256)
country VARCHAR(256)
source VARCHAR(1000)
comment LONGTEXT
reference LONGTEXT

Indexes

data_source
id BIGINT(20)
info_id BIGINT(20)
accession_id VARCHAR(1000)
definition VARCHAR(1000)
length BIGINT(20)
repository VARCHAR(45)
create_time TIMESTAMP
directory_path VARCHAR(1000)
publish TINYINT(1)
obsoleted TINYINT(1)
under_construction TINYINT(1)

Indexes

sequences
id BIGINT(20)
src_id BIGINT(20)
header VARCHAR(1000)
begin_pos BIGINT(20)
end_pos BIGINT(20)
strand VARCHAR(45)
length BIGINT(20)
identity DOUBLE
type VARCHAR(45)
origin VARCHAR(45)
sequence MEDIUMTEXT
raw_header VARCHAR(200)
file_path VARCHAR(1000)
gen_time TIMESTAMP
under_construction TINYINT(1)
publish TINYINT(1)
obsoleted TINYINT(1)
manual TINYINT(1)
comment LONGTEXT

Indexes

test
a INT(11)

bacteria_view

bacteria_view_no_n
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Figure 3.5 Features of the GRD website.  
Users can do broad or specific searches using pre-defined search keywords (left upper). In the 
result, detailed information of the strain including sequence information is shown (right 
upper). If users click sequence name, it shows its 16S sequence, and users can copy it for 
another purpose (left lower). Taxonomic tree is also supported (right lower). Users can 
perform alignment with GRD using their own sequences (center). 
 

3.3.4 Boundary sequence identity of 16S sequences between each 

taxonomic level 

 I investigated the sequence identity at boundary between each taxonomic level using GRD. 

Previous study showed boundary identity at each taxonomic level [80]. However the result 

was based on type strain and shown only at phylum, family, and genus levels. In this study, I 

therefore calculated identity boundaries at major taxonomic levels. The results indicated 

identity boundary at each taxonomic level (Table 3.6). Each identity was calculated with 95% 

confidence interval, respectively. In this result, minimum identities at species and strain levels 

were 98.9%±0.3 and 99.7%±0.1. The comparison between the minimum identity at upper 

taxonomic level and the maximum identity at lower taxonomic level indicated that identity 
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boundaries were overlapped from domain level to family level. Especially, the result 

visualized as a boxplot showed overlapped identity between class and order levels (Figure 

3.6). However, average identity and median identity at each taxonomic level showed each 

taxonomic level had gradationally different identity. 

 

Table 3.6 Boundary identity of 16S rRNA genes between each taxonomic level 
Category Prokaryote Domain Phylum Class Order Family Genus Species Strain 

No. of taxa 1 2 10 21 53 173 340 426 1835 

No. of 
compared sub rank 2 36 45 94 213 776 1921 3993 - 

No. of species 2488 2488 1935 2044 1907 2164 1921 - - 

Maximum identity - 87%±0.5 86.7%±5.1 88.8%±3.4 89.6%±1.7 92.3%±0.8 97.3%±0.4 99.6%±0.2 100%±0 

Average identity 42.3% 67.9%±0.2 76.3%±3.1 80.7%±2.6 84.7%±1.3 88.5%±0.9 95.1%±0.5 99.3%±0.2 99.8%±0 

Minimum identity - 47.7%±16 66.9%±6.1 70.6%±5.1 80%±1.8 85.4%±1.1 93.5%±0.7 98.9%±0.3 99.7%±0.1 

 

 

Figure 3.6 Boxplot of boundary identities of full-length 16S rRNA gene at each 
taxonomic level (without outliers).  
This showed each taxonomic level was separated except for between class and order level by 
identity. The x-axis showed taxonomy rank name and the y-axis showed the identity. 
Prokaryote result showed the strongly different boundary was existed. The odd boundaries 
between class and order level indicated that a taxonomical classification was not clarified in 
the aspect of 16S rRNA. 
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3.4 Discussion 

 I constructed well-curated 16S database (GRD) using the method of direct extraction from 

genome sequences. This GRD would be helpful to analyze bacterial communities including 

human microbiome samples. And, it can be applied as background database for 16S 

assignment of novel genomes. Using GRD, one caveat is a taxonomic name like 

“[Clostridium] bartlettii”. This type of name was changed by NCBI, which might be actually 

different from taxon name inside brackets. Researcher should consider this kind of name in 

taxonomical classification using GRD including NCBI taxonomy. In the comparison with 

GenBank, I showed that 16S of GRD was more accurate than 16S of GenBank. According to 

this result, GRD would be a good reference for 16S annotation. In comparative analysis with 

other public 16S databases, I set up the cut-off threshold of minimum 200 bp. It meant that 

even 200 bp of outside of 16S also was permitted. About 200bp from 3’ of 16S might include 

tRNA or 23S. Therefore, when researchers perform studies using only general public 16S 

database, the result should be analyzed carefully. The GRD was checked 5’ region and 3’ 

region including anti-SD site strictly. 

 I also investigated the identity boundary at each taxonomic level using GRD. First of all, the 

result indicated that minimum identity at species level was 98.9%±0.3. This result suggests 

the standard of the taxonomical classification at species level. In the identity boundaries 

result, the result showed the overlapping of identity boundary between class and order levels 

especially. This result implies that it was not clarified in the taxonomical classification by 16S 

between class and order levels. However, the result of each identity boundary of each 

bacterium showed its own boundary, respectively (data not shown). This implicates the 

availability of taxonomical assignment using 16S similarity.  
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4 Evaluation of improved universal primer and 

quality of 454 pyrosequencing data using mock 

communities 

4.1 Background 

 The most of analysis focused on the composition of specific bacterial species or groups by 

conventional methods such as culturing, quantitative PCR (qPCR), fluorescence in situ 

hybridization (FISH), terminal-restriction fragment length polymorphism (RFLP), and 

denaturing gradient gel electrophoresis (DGGE) based on bacterial 16S ribosomal RNA gene 

(16S). These conventional methodologies may also overlook subtle changes in bacterial 

community structure and change of species other than targeted species.  

 Pyrosequencing of PCR amplicons of bacterial 16S rRNA gene hypervariable regions is the 

most popular and a high-throughput approach to infer and characterize the species 

composition in bacterial communities [81-84]. The 454 pyrosequencing platform that can 

produce over 400 bases per read is also superior to shorter read-length sequencers with 

respect to sequence accuracy in single-end sequencing [85-87]. However, this PCR-based 

method has a problem particularly in quantification of the composition of the genus 

Bifidobacterium, a dominant species in human gut microbiota because the 16S sequence of 

Bifidobacterium has a few base mismatches with the commonly used PCR primer 27F (or 8F), 

underestimating this genus in the community [88-91]. To improve this lack, I developed 

modified 27F primer (27Fmod) by changing the third base A to R (G or A) in 27F-YM [89], 

by which made the perfect match was made with the annealing site of the 16S gene of 

Bifidobacterium. 

 Microbial composition analysis using 16S rRNA gene is the OTU-based analysis. The core 

of this analysis is clustering of 16S sequences by identity. However, sequence error is also a 
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point to consider clustering conditions of 16S sequences because sequence errors is one of the 

factors leading to overestimation of OTU number. 

 In this chapter, I assessed the modified universal PCR primer 27Fmod for the analysis of 

pyrosequencing data of 16S rRNA gene V1-V2 regions using mock communities, and 

estimated sequence error rate of 454 pyrosequencing data that may affect OTU number 

generated from clustering. 

 

4.2 Methods 

4.2.1 Construction of mock communities 

 Two artificial bacterial communities (designated “mock01” and “mock02”) were constructed 

by mixing genomic DNA from ten and eleven different human gut-associated bacterial strains 

with an appropriate ratio, respectively (Table 4.1). Genome sequences of these microbes were 

completely sequenced and are publicly available. 

 

Table 4.1 Microbial composition of two mock communities 

 
 

Mock 
community Bacterial species Strain Genome size in 

Mb 16S copy number Ratio 

01 

Bifidobacterium bifidum JCM1255 2.0  2 20.0% 
Bifidobacterium sp.� JCM15439 2.3  2 8.0% 
Bacteroides sp.� A_01 5.9  7 30.0% 
Lactobacillus paracasei JCM 8130T 3.0  5 1.0% 
Lactobacillus zeae ATCC393T 2.9  5 0.9% 
Clostridium paraputrificum JCM1293 3.5  9 5.0% 
Clostridium ramosum JCM1298 3.2  5 15.0% 
Ruminococcus gnavus TBH11 4.0  5 15.0% 
Escherichia coli SE11 4.9  7 0.1% 
Raoultella ornithinolytica AA097 5.5  7 5.0% 

02 

Bifidobacterium bifidum JCM1255 2.0  2 10.0% 
Bifidobacterium sp. JCM15439 2.3  2 10.0% 
Bacteroides sp. A_01 5.9  7 34.0% 
Bacteroides massiliensis A_03 4.8  7 0.1% 
Lactobacillus paracasei JCM 8130T 3.0  5 10.0% 
Lactobacillus zeae ATCC393T 2.9  5 5.0% 
Clostridium paraputrificum JCM1293 3.5  9 9.0% 
Clostridium ramosum JCM1298 3.2  5 0.9% 
Ruminococcus gnavus TBH11 4.0  5 1.0% 
Escherichia coli SE11 4.9  7 5.0% 
Raoultella ornithinolytica AA097 5.5  7 15.0% 
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4.2.2 Pyrosequencing of 16S rRNA gene V1-V2 region using 454 

pyrosequencer 

 The 16S rRNA gene V1-V2 region was amplified using forward primer containing the 454 

primer A and 27Fmod (5’-agrgtttgatymtggctcag) in which the third base A in the original 

primer 27F was changed to R like below. 

5’-CCATCTCATCCCTGCGTGTCTCCGACTCAGagrgtttgatymtggctcag-3’ 

And, reverse primer was contained the 454 primer B and reverse primer 338R (5’-

tgctgcctcccgtaggagt) like below. 

5’-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGtgctgcctcccgtaggagt-3’ 

PCR was performed in 1 × Ex Taq PCR buffer (50 µL), deoxynucleoside triphosphate (2.5 

mM), Ex Taq polymerase (Takara Bio, Inc., Shiga), each primer (10 µM), and 40 ng of 

extracted DNA under conditions of 2 min at 96 °C, 20 cycles of 96 °C for 30 sec, 55 °C for 

45 sec, and 72 °C for 1 min, and a final extension of 72 °C for 10 min on a 9700 PCR system 

(Life Technologies Japan, Ltd., Tokyo). PCR products of approximately 370 bp were 

confirmed by agarose gel electrophoresis, purified by AMPure XP magnetic purification 

beads (Beckman Coulter, Inc., Brea, CA), and quantified using the Quant-iT PicoGreen 

dsDNA Assay Kit (Life Technologies Japan, Ltd., Tokyo). Mixed samples were prepared by 

pooling approximately equal amounts of PCR amplicons from each sample and subjected to 

454 GS FLX Titanium or 454 GS JUNIOR (Roche Applied Science) sequencing according to 

the manufacturer’s instructions. 

 qPCR was performed by using Taqman Gene Expression Assays (Life Technologies Japan, 

Ltd., Tokyo) with each bacteria-specific primers and probe shown in appendix A. Primers and 

probes for qPCR were designed by Ruby script with NCBI blast tool and Primer3Plus [92]. 

First, available primer and probes list was generated from Primer3Plus. Using the list, finding 

that the sequences (forward, probe, reverse) with similarity were performed blast with another 
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genome sequences. If those three sequences did not have any similarity with another genome 

sequences, its sequence group was selected (Table 4.2). 

 

Table 4.2 PCR primers and probes used for qPCR in this study 

 
 

Primer ID Primer sequence Probe ID Probe sequence
BA_1_124_F GTCCCACGGGAAAACCTTAT BA_1 CAGCAAATCCCTGGGTAGGTCCATA
BA_1_124_R AAGAAGAGACCCGAGTGCAA BA_2 ATTTCCTTGTCAGTTACCGCCTCCC
BA_2_125_F GTTGTGGTAGGCGTTTCGTT BB_1 TCACGTTCAGTGACTCCCATGTCCT
BA_2_125_R TGGCCATAGTGACCATCGTA BB_2 ATCATTGAGCCAATCGCCCGAC
BB_1_112_F TTGTGCGATACCACGATGTT BS_1 CTACCACCGTAATCCAAGACGGTCC
BB_1_112_R TCAAGGAGCTCACCGTCTCT BS_2 CCGTTTCCATCACGAGAATAGAGCC
BB_2_79_F AGCCAAGGCAACATCCTCTA CP_1 CCATCAAGAGCAATGGCTAGAGTTCC
BB_2_79_R GTGACCGTGACTGTGGAATG CP_2 TCCCAAGGAGCATTTAGGCCTAACC
BS_1_98_F AATCGACTGGTCGGAATCAC CR_1 CTTCATCGCCACCAGTACCCTCTTC
BS_1_98_R GCATTGACTCGGGAGAAGAG CR_2 AAACCAGGTGCACTACCAAGCTGTG
BS_2_88_F CGCTGACACACGCATAGAAT EC_1 CGCGTGATGTTGTCTGCTACTCAAC
BS_2_88_R AAGCTTCATCTGCCATTGCT EC_2 TTAGCCCGCATTGAATCTATCCGTC
CP_1_125_F TTCACGGAAGGGTCCTAATG LP_1 CTAGCGGCAGCACCGTAGTCCAT
CP_1_125_R AAGCACTGAGGATGCCAGAT LP_2 ACCTTCAACTAGAGCGGTCGCAGTC
CP_2_89_F CCAATTGATCCTGGATTGCT LZ_1 CGCTCAACCACAGCCTTAACGACT
CP_2_89_R GATGGTCCCTTTGGTGGATA LZ_2 TGGCTGCAACTCCTGTATACACCCA
CR_1_106_F TCACATAGCGGGCAATTGTA RO_1 CTTGTCGCACTTCAGCTCTGAGGAT
CR_1_106_R GTGGCTAAGACCGACCAAAA RO_2 CAATATCACCAGGGACGCGATAACC
CR_2_129_F GTCGGGAAGACAGGATTTGA RG_1 TCTGCTCTTCTGACAAATCTGTGCG
CR_2_129_R CAAGAGGTTGTGGGTTCGAT RG_2 CAATAGGCGATTCGATATGCCATCA
EC_1_123_F CGTGGTTTTACACGGCTTTT
EC_1_123_R GCTGGCAATTTTTCGCTAAG
EC_2_124_F CGGCTGAATATCTGGGAAAA
EC_2_124_R ACATCACCTAAGCCCATTGC
LP_1_64_F CAGTCGCTTGTTTCCACAGA
LP_1_64_R GATCATGCAGCAGTCGAAAA
LP_2_81_F CAAAACAACCTTGCCCACTT
LP_2_81_R TTTGACACCATCTCGGTTGA
LZ_1_76_F TCGCCAAATTACAACCATCA
LZ_1_76_R AAAAGGCACCTCGCTCAGTA
LZ_2_99_F TTGGTTGTTGTGCGAATGAT
LZ_2_99_R CAAGGAGGGGAACCCTTTAG
RG_1_130_F TGATCTGCCCGTGACAATAA
RG_1_130_R AGTGCGAGGCATCTCTGAAT
RG_2_132_F CCGTAATAAGCCAGCGGATA
RG_2_132_R CGTGCCGGACTGGTATATCT
RO_1_92_F TTACGGCACCAAACGTAACA
RO_1_92_R GCGTGACAAGCGCTACAATA
RO_2_133_F CGATACCTCGATGCCATTCT
RO_2_133_R GTTCCGTCGACAGGTTTGAT
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4.2.3 Quality Filtering of pyrosequencing data 

 From two mock communities, I amplified the V1-2 region by PCR using 27F-338R and 

27Fmod-338R primers, the V5-6 region by 787F-1061R primers, and the V1-9 region by 

27F-1492R primers. V1-2 and V5-6 amplicons were subjected to 454 pyrosequencing, and 

V1-9 amplicons were cloned in E. coli and 3,000 clones were sequenced by the Sanger 

method and the products were analyzed with the ABI3730xl (Life Technologies Japan, Ltd., 

Tokyo). I also performed duplicate qPCR experiments targeting a specific genomic region of 

the bacterial strains in the two mock communities. All filter-passed 16S de novo sequences 

and qPCR data were then analyzed by principle component analysis (PCA) to compare and 

assess the quantitative accuracy. The error rate of filter-passed sequences using 27Fmod-

338R primers obtained from two mock communities was estimated by aligning 16S V1-V2 de 

novo with reference 16S sequences in two mock communities. Rarefaction curve of OTU 

numbers generated from clustering of various qualities of 16S reads was made by using 

MAFFT [93] and ClustalW (Version 2.0) [75, 94]. 

 

4.3 Results and discussion 

4.3.1 Assessment of the quantitative accuracy of 16S pyrosequencing 

data using mock communities  

 To assess the 16S data using 27Fmod, I compared various 16S sequence and qPCR data 

obtained from two mock communities (Table 4.1), which are useful to evaluate the 

quantitative accuracy of 16S-based data and the sequencing error rate [95, 96]. Quantitative 

accuracy of the overall bacterial composition was evaluated by comparing the similarity of 

each data to the expected (“Expected”) using PCA (Figure 4.1). From the PCA data, 

Euclidean distance was calculated for evaluation of the similarity of each data with the 

“Expected”. The results revealed that the order of their similarities with the “Expected” was 

the qPCR data ≥ the V1-2 data using 27Fmod > the V5-6 data > the V1-2 data using 27F >> 
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the data of Sanger sequencing-based full-length V1-9, indicating that the use of 27Fmod 

greatly improved the quantitative accuracy for evaluation of the overall bacterial composition 

(Table 4.3). This improvement was largely dependent on the improved estimation of the 

Bifidobacterium content by the use of 27Fmod. The average relative Bifidobacterium content 

in the two mock communities estimated from the data of V1-2 using 27F was only 1.5% of 

the “Expected” (100%), while the use of 27Fmod increased the relative content to 61%, 

which was also better than those estimated from the data of V5-6 and Sanger full-length 

analyses (Figure 4.2). Since qPCR can be used only when genomes of all bacteria in a given 

community are known, or only for a limited number of specific known species, I concluded 

that 454 pyrosequencing of the V1-2 region using 27Fmod-338R provided more 

quantitatively accurate data for bacterial composition in human gut microbiota than that using 

the conventional 27F primer.  

 

Figure 4.1 Assessment of the quantitative accuracy of the analysis of the bacterial 
composition of two mock communities by various methods.  
PCA analysis of the data was obtained from various methods using mock01 (a) and mock02 
(b). Closed circle: Expected, open circle: duplicate qPCR, closed square: pyrosequencing of 
16S V1-2 region using 27Fmod, open square: pyrosequencing of 16S V1-2 region using 27F, 
closed triangle: pyrosequencing of 16S V5-6 region, open diamond: Sanger sequencing of 
nearly full-length 16S clone. 
 

by collecting 16S sequences of !1200 bp of bacterial
isolates from the Ribosomal Database Project
v. 10.27. Another database is the reference genome
database constructed by collecting genome
sequences from the NCBI FTP site (ftp://ftp.ncbi.nih.
gov/genbank/, Dec 2011) that includes 1482 com-
plete and 605 draft bacterial genomes.

2.7.2. Operational taxonomic unit (OTU) and
UniFrac distance analysis We used 3000

filter-passed reads of 16S sequences for operational
taxonomic unit (OTU) and UniFrac distance analysis
for each sample. For OTU analysis, clustering of 16S
reads was done using a 96% pairwise-identity cutoff
with the UCLUST program (www.drive5.com).
Representative sequences for each OTU were assigned
to bacterial species by BLAST search with a 96% pair-
wise-identity cutoff against the two databases men-
tioned above. UniFrac distance analysis was used to
determine the dissimilarity (distance) between two
communities based on the fraction of branch length
shared between two communities within a phylogen-
etic tree constructed from 16S sequence datasets.44

2.7.3. Other Estimation of OTU numbers by ex-
trapolation (Chao1 and ACE) was calculated with
the vegan package (v2.0-5) for R (v2.15.2).

3. Results and discussion

3.1. Quantitative accuracy of 16S data produced
by 454 pyrosequencing

Pyrosequencing of PCR amplicons of bacterial 16S
short variable regions is the most popular and a

high-throughput approach to infer and characterize
the species composition in bacterial communi-
ties.42,45,46,48 The 454 pyrosequencing platform,
which can produce over 400 bases per read, is also su-
perior to shorter read-length sequencers with respect
to sequence accuracy for single-end sequencing.50,51

However, this PCR-based method has a problem par-
ticularly in quantification of the composition of the
genus Bifidobacterium, a dominant species in human
gut microbiota because the 16S sequence of
Bifidobacterium has a few base mismatches with the
commonly used PCR primer 27F (or 8F), underesti-
mating this genus in the community.52–55 To
improve this, we modified primer 27F to 27Fmod
by changing the third base G to R (G or A) in 27F-
YM53 that perfectly matched with the annealing site
of the Bifidobacterium 16S gene (see Materials and
methods).

To assess the 16S data using 27Fmod, we compared
various 16S sequence and qPCR data obtained from
two mock communities (Supplementary Table S3)
that are useful to evaluate the quantitative accuracy
of 16S-based data and the sequencing error
rate.56,57 Quantitative accuracy of the overall bacterial
composition was evaluated by comparing the similar-
ity of each data to the expected (‘Expected’) using PCA
(Fig. 1). From the PCA data, Euclidean distance was
calculated for evaluation of the similarity of each
data with the ‘Expected’. The results revealed that
the order of their similarities with the ‘Expected’ was
the qPCR data ! the V1-2 data using 27Fmod . the
V5-6 data . the V1-2 data using 27F .. the data
of Sanger sequencing-based full-length V1-9, indicat-
ing that the use of 27Fmod greatly improved the
quantitative accuracy for evaluation of the overall

Figure 1. Assessment of the quantitative accuracy of the analysis of the bacterial composition of two mock communities by various
methods. PCA analysis of the data was obtained from various methods using mock01 (a) and mock02 (b). Closed circle: expected,
open circle: duplicate qPCR, closed square: pyrosequencing of 16S V1-2 region using 27Fmod, open square: pyrosequencing of 16S
V1-2 region using 27F, closed triangle: pyrosequencing of 16S V5-6 region, open diamond: Sanger sequencing of nearly full-length
16S clone.
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Table 4.3 Euclidean distance between each data and the "Expected” 

 
 

 

Figure 4.2 Relative ratio of the content of Bifidobacterium species estimated from 
various methods using two mock communities.  
The y-axis indicates average values of the Bifidobacterium content obtained from each 
method when the “Expected” was set to 100. 
 

Table S5. Euclidean distance between each data and the "Expected”. 

Mock01 Euclidean distance Relative ratio 

Expected 0 ��

Average qPCR 14.88 1.00 

Pyrosequencing of the 16S V1-2 using 27Fmod 21.62 1.45 

Pyrosequencing of the 16S V1-2 using 27F 30.21 2.03 

Pyrosequencing of the 16S V5-6 24.96 1.68 

Sanger sequencing of the full-length 16S 74.23 4.99 

Mock02 Euclidean distance Relative ratio��

Expected 0 ��

Average qPCR 16.18 1.00 

Pyrosequencing of the 16S V1-2 using 27Fmod 13.93 0.86 

Pyrosequencing of the 16S V1-2 using 27F 26.92 1.66 

Pyrosequencing of the 16S V5-6 20.18 1.25 

Sanger sequencing of the full-length 16S 53.07 3.28 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

Expected qPCR V1-2_27Fmod V1-2_27F V5-6 Sanger full-

length 

Kim et al. Fig. S2�



 

35 

4.3.2 Estimation of sequence error rate in 454 pyrosequencing data 

and clustering conditions for OTU analysis 

 I estimated the average error rate of filter-passed V1-V2 data using 27Fmod-338R by 

aligning the V1-V2 and reference 16S sequences of bacterial strains used in two mock 

communities. The error rate was estimated to be 0.58% and 0.66% for mock community 1 

and mock community 2 in local alignment, respectively (Table 4.4). These error rates were 

similar to the previously published data [82, 85, 97], however, lower than other result [98]. 

The later might be due to differences in examined alignment length and between local and 

global alignments. Errors in 454 pyrosequencing data can be the primary cause for 

overestimation of OTU number, which is an issue to be improved for accurate estimation of 

species richness in bacterial community [99, 100]. 

 I also compared OTU numbers generated from clustering of various qualities of 16S reads 

with a 96% and a 97% pair-wise identity cutoff. For this comparison, we made and used three 

datasets: only primer check-passed reads having the highest error rates, filter-passed reads, 

and selected filter-passed reads having the lowest error rates. The results indicated that a 96% 

cutoff clustering of error-rich reads and a 97% cutoff clustering of filter-passed reads gave the 

worse results than a 96% cutoff clustering of filter-passed and selected filter-passed reads 

(Figure 4.3). A 97% cutoff was defined for clustering of highly accurate Sanger full-length 

16S sequences [52]. Therefore, in clustering of pyrosequencing data having higher error rate 

than Sanger data, the use of a cutoff identity lower than 97% and a lower number of reads are 

reasonable to reduce overestimation of the OTU number. A 96% cutoff clustering of filter-

passed reads gave similar OTU numbers up to 30–50 reads to those of filter-passed reads 

having the lowest error rates. These read numbers are approximately three to five times the 

number of input strains. After several trials testing the mock communities, I decided to use 

3,000–5,000 reads per sample for clustering with a 96% cutoff for the analysis of human gut 
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microbiota. Indeed, OTU numbers using a 96% cutoff clustering of 3,000 reads decreased 

about 15% when compared with those using a 97% cutoff clustering. 

 

Table 4.4 Error rate of filter-passed 16S V1-V2 sequences produced by 454 
pyrosequencing of mock communities* 

Sample Total aligned 
length in bases* Mismatch Indel Total error Error/read Average 

read length 

Mock 1 340,878 
1,475 508 1,983 

1.98 340.9 bases 
0.43% 0.15% 0.58% 

Mock 2 346,702 
1,780 505 2,285 

2.29 346.7 bases 
0.51% 0.15% 0.66% 

*One thousand reads were used for calculation of the error rate for each mock community, 
respectively. 
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Figure 4.3 Rarefaction curve of OTUs generated by clustering of various qualities of 
sequences reads obtained from 454 pyrosequencing of mock communities.  
The y-axis indicates OTU number generated in clustering. The x-axis indicates read number 
of 16S sequences. Blue indicates only primer check reads having the highest error rate, red 
indicates filter-passed reads, and green indicates filter-passed reads having the lowest error 
rate of clustering with a 96% pair-wise identity cutoff, and purple indicates filter-passed reads 
of clustering with a 97% pair-wise identity cutoff. The followings are the sequence accuracy 
and standard deviation of each dataset. For mock community 1, only primer check: 99.1% 
(SD: 0.96), filter-passed: 99.3% (SD: 0.68), filter-passed having the lowest error rate: 99.5% 
(SD: 0.26). For mock community 2, primer check only: 99.2% (SD: 0.96), filter-passed: 
99.3% (SD: 0.96), filter-passed having the lowest error rate: 99.5% (SD: 0.27). 
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5 Robustness of gut microbiota of healthy adults in 

response to probiotic intervention  

5.1 Background 

 Probiotics are defined as live bacterial strains conferring various benefits to the consumer by 

modulating the intestinal ecosystem, thereby potentially promoting host health and improving 

host disease risk [101-111]. Various probiotic strains have been industrially developed, and 

marketed as a variety of products and applications such as fermented foods and supplements 

including yogurt [112-115]. Most of probiotics taxonomically belong to two genera, 

Bifidobacterium and Lactobacillus originated from various environments including the 

human intestine, and are considered species generally regarded as safe [116-118]. 

 The interaction between administrated probiotics and indigenous microbiota is one of the 

most attractive and important research areas, particularly because gut microbiota has been 

shown to be profoundly associated with various host physiology states including diseases, 

diet, and age through the shift of bacteria composition, and metabolic and nutritional 

processes [119-123]. The ability of probiotics to survive through the intestine and to modulate 

gut microbiota is a critical factor in determining their potential for health-related outcomes. 

 There have been a large number of probiotic intervention studies to assess the impact of 

probiotics on gut microbiota in healthy adults [124-134], infants/children [135, 136], and its 

clinical trial to patients with a variety of diseases [137, 138]. Most of these studies were 

carried out by comparison between probiotics-treated groups and placebo controls and 

examined only one or two samples from periods before and during intervention or post-

intervention for the subject. These experimental designs make the evaluation of results 

obscure from a viewpoint of statistics and the high interindividual variability of gut 

microbiota [104]. 
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 Recently, a high-throughput sequencing-based analysis was conducted for gut microbiota fed 

with a probiotic yogurt, and provided new insights into the probiotics research by utilizing the 

large-scale dataset [139]. Current advance of sequencing technology has enabled us to 

elucidate complex bacterial community including human gut microbiota [4, 140]. 

Particularly, 454 pyrosequencing of bacterial 16S gene tags coupled with bioinformatics 

provides a high-throughput and cost-effective approach for the comprehensive analysis of 

bacterial community at species level [81-84, 97, 141, 142]. 

 In this study, I developed an analysis pipeline for bacterial communities based on barcoded 

454 pyrosequencing of 16S gene tags using modified PCR primers that was described in 

chapter 4, which improved the quantitative accuracy of inferred species composition in 

human gut microbiota. Using this pipeline, I analyzed fecal samples longitudinally collected 

from individuals with and without probiotic administration to evaluate the effect of probiotics 

on gut microbiota with respect to species richness and diversity. The results revealed that the 

robustness and stability of gut microbiota of healthy adults in response to probiotic 

administration. 

 

5.2 Methods 

5.2.1 Subjects, fecal sample collection, and probiotic intervention 

 Eighteen healthy volunteers (Age: 22 ± 3.16 years, 6 male, 12 female) were recruited through 

Azabu University, Kanagawa, Japan (Table 5.1). All subjects were informed of the purpose of 

this study. This study was approved by the ethical committee of Azabu University and written 

consent was obtained from all subjects. No subjects were treated with antibiotics during fecal 

sample collection. The subjects were divided into six groups (three subjects per group) and 

each group consumed six different commercially available probiotics supplied from Yakult 

Honsha Co., Ltd., Kagome Co., Ltd., Morinaga Milk Industory Co., Ltd., Takanashi Milk 

Products Co., Ltd., Meiji Co., Ltd., and Danone Japan Co., Ltd., respectively (Table 5.1). The 
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number of each bacterial strain contained in the probiotic products was estimated as the 

genome equivalent by quantitative PCR of 16S ribosomal RNA genes using 27Fmod-338R 

followed by pyrosequencing of the 16S amplicons. The genome equivalent per gram or ml 

and the total genome equivalent of each bacterial strain in one probiotic product was 

summarized in Table 5.1. Three subjects in each group consumed the same probiotics daily 

for eight weeks according to the schedule of sampling and probiotic intervention (Figure 5.1). 

Fecal samples from four weeks before (S00) and eight weeks during probiotic intervention 

(S01-S04), and eight weeks after cessation of probiotic intervention (S05-S08) were collected 

every two weeks from each subject. In total, 158 fecal samples from the 18 subjects were 

collected because one sample each from four of the subjects could not be collect. 

 

Table 5.1 Subjects analyzed and probiotics used in this study 

 
Asterisks indicate probiotic strains contained in commercially available probiotics products 
1Genome equivalents were average values estimated from triplicate qPCR experiments of 16S 
genes for each probiotic product. 
2Total genome equivalents were calculated from genome equivalent/g or ml x total weight or 
volume of each product. 
 

�� ��

Subject 
(APr) Sex Age Blood 

type BMI Group Probiotic strains Genome 
equivalent/g or ml1 �

Total genome 
equivalent/product2�

1 F 21 B 18.8 
Ⅰ Lactobacillus casei��� 7.28E+06 4.73E+08 2 F 23 O 18.6 

3 F 21 B 19.9 
9 F 20 B 18.5 

II Lactobacillus brevis��� 1.54E+07 1.23E+09 11 F 23 A 19.1 
12 M 25 O 19.5 
16 F 20 B 18 

III 
Bifidobacterium longum* 2.63E+07 2.37E+09 

17 F 21 O 20.1 Lactococcus lactis 2.90E+07 2.61E+09 
19 M 20 A 19.4 Streptococcus thermophilus 6.42E+07 5.78E+09 
20 F 21 B 19.8 

IV Lactobacillus rhamnosus* 2.01E+07 2.01E+09 22 F 22 A 19.5 
23 F 21 B 20.5 
29 F 23 O 20.9 

V 
Lactobacillus delbrueckii* 6.31E+07 5.68E+09 

31 M 33 AB 28 
Streptococcus thermophilus 1.51E+08 1.36E+10 

32 M 19 AB 21.8 
37 F 21 A 21.2 

VI 
Bifidobacterium animals* 1.09E+08 8.72E+09 

39 M 23 O 20 Lactobacillus delbrueckii 2.40E+07 1.92E+09 
40 M 19 B 20.1 Streptococcus thermophilus 5.81E+07 4.64E+09 
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Figure 5.1 Schedule for sampling and probiotic intervention.  
Volunteers started at week 0 and first fecal smaple was collected. From week 6 until week 14 
(until collecting sample), volunteers took each probiotics product. During 8 weeks, samples 
were collected for 4 times at intervals of 2 weeks. After 4 times samples were collected, they 
stopped to have probiotics. Then samples were collected for 4 times at intervals of 2 weeks. 
Totally 158 samples were collected.  
 

5.2.2 Recovery of bacteria from fecal samples 

 Freshly collected feces (1.0 g) were suspended in 20% glycerol (Wako Pure Chemical 

Industries, Ltd.) and phosphate buffer saline (PBS) solution (Life Technologies Japan, Ltd., 

Tokyo), frozen in liquid nitrogen, and stored at -80 °C until ready for use. Bacterial pellets 

were prepared from frozen fecal samples as described previously [143].  

 

5.2.3 DNA isolation from bacteria 

 Fecal DNA was isolated and purified according to the literature, with minor modifications 

[143]. The bacterial pellet was suspended and incubated with 15 mg/mL lysozyme (Sigma-

Aldrich Co. LCC.) at 37 °C for 1 h in TE10. Purified achromopeptidase (Wako Pure 

Chemical Industries, Ltd.) was added at a final concentration of 2,000 units/mL and then 

incubated at 37 °C for 30 min. The suspension was treated with 1% (wt/vol) sodium dodecyl 

sulfate (SDS) and 1 mg/mL proteinase K (Merck Japan) and incubated at 55 °C for 1 h. The 

lysate was treated with phenol/chloroform/isoamyl alcohol (Life Technologies Japan, Ltd.). 

DNA was precipitated by adding ethanol, and pelleted by centrifugation at 5,000 rpm at 4 °C 

for 15 min. The DNA pellet was rinsed with 75% ethanol, dried and dissolved in TE. DNA 

Kim$et$al.$Fig.$S1�
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samples were purified by treating with 1 mg/mL RNase A (Wako Pure Chemical Industries, 

Ltd.) at 37 °C for 30 min and precipitated by adding equal volumes of 20% PEG solution 

(PEG6000-2.5M NaCl). DNA was pelleted by centrifugation at 15,000 rpm at 4 °C, rinsed 

with 75% ethanol and dissolved in TE. 

 

5.2.4 454 barcoded pyrosequencing of 16S rRNA gene V1-V2 region 

 The pyrosequencing method was based on the protocol described in chapter 4. In addition, in 

this study, barcoded-sequencing method was applied for the effectiveness. Using this barcode 

sequencing, different samples over 100 can be performed in one plate at the same time. The 

V1-V2 region in the 16S rRNA gene was amplified using forward primer like below. 

5’-CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNagrgtttgatymtggctcag-3’ 

 It contained the 454 primer A, a unique 10-bp barcode sequence for each sample (indicated 

in N), and 27Fmod (5’-agrgtttgatymtggctcag-3’) in which the third base A in original primer 

27F was changed to R. And, reverse primer was designed like below. 

5’-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGtgctgcctcccgtaggagt-3’ 

 It contained the 454 primer B and reverse primer 338R (5’-tgctgcctcccgtaggagt-3’). A mixed 

sample was prepared by pooling approximately equal amounts of PCR amplicons from each 

sample and subjected to 454 GS FLX Titanium or 454 GS JUNIOR (Roche Applied Science) 

according to the manufacturer’s instructions.  

 

5.2.5 Analysis pipeline for 454 barcoded pyrosequencing data of 

PCR amplicons of 16S rRNA gene V1-V2 region 

 I developed the analysis pipeline for 454 barcoded pyrosequencing of PCR amplicons of the 

V1-V2 region amplified by 27Fmod-338R primers that was described in chapter 4. First, 16S 

reads were assigned to each sample on the basis of barcode sequence information. Using this 

data filtering process described in chapter 4 was performed. Reads removed in these 
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processes accounted for about 35% of all reads, most of which represented reads lacking PCR 

primer sequences (Table 5.2). Finally, filter-passed reads were obtained for further analysis 

by trimming both primer sequences. 

 All 3,000 filter-passed reads of 16S V1-2 sequences obtained from each subject were 

deposited in DDBJ/GenBank/EMBL and the accession numbers are from DRA000869 to 

DRA000886. 

 

Table 5.2 Summary of quality filtering of 16S V1-V2 sequences produced by 454 
pyrosequencing of 18 healthy adults 

 Total Filter-passed 
Reads removed 

Reads lacking 
primer sequences 

Reads with 
average Qv<25 

Possible 
chimeric reads 

Number 
of reads 1,801,980 1,165,626 472,570 133,905 29,879 

% 100 64.7 26.2 7.4 1.7 

 

5.2.6 Data analysis 

 For the database preparation, two databases were constructed for the analysis of 16S 

sequences. Database used mainly was GRD which was made in chapter 3 and highly curated 

16S sequences dataset. Another database was the 16S rRNA gene sequence database 

constructed by collecting 16S sequences of ≥1,200 bp of bacteria isolates in the Ribosomal 

Database Project (RDP) v. 10.27 [144]. 

 In OTU and UniFrac distance analysis, I used 3,000 filter-passed reads of high-quality 16S 

sequences for OTU and UniFrac distance analysis of each sample. In OTU analysis, 

clustering of 16S reads was done by a 96% pairwise-identity cutoff using UCLUST [145]. 

Representative sequences of each OTU were assigned to bacterial species by BLAST search 

with a 96% pairwise-identity cutoff against the two databases mentioned above. UniFrac 

distance analysis was used to determine the dissimilarity (distance) between two 

communities, based on the fraction of branch length shared between two communities within 

a phylogenetic tree constructed from 16S sequence datasets [63, 141]. 
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5.3 Results and discussion 

5.3.1 Species richness and diversity in human fecal microbiota with 

probiotic intervention 

 I randomly selected 3,000 reads of 16S V1-V2 sequences from all filter-passed reads for each 

sample (Table 5.2), and used 474,000 reads in total from 158 fecal DNA samples of 18 

subjects for the analysis of species richness and composition in human gut microbiota. 

Clustering of all reads with a 96% pairwise-identity cutoff gave a total of 2,758 OTUs. By 

removing very minority OTUs, 1,175 OTUs having ≥0.1% abundance in at least one sample, 

accounting for 99.1% of all 16S reads, were used for further analysis.  

 

5.3.1.1 Detection of administrated probiotic strains in fecal sample 

 I investigated whether administrated strains contained in the probiotic products can be 

detected in fecal DNA. The 16S V1-2 region of all bacterial strains contained in probiotic 

products used in this study was performed sequencing. The BLAST search to the databases 

indicated that except for the Bifidobacterium longum strain used in Group III, the 16S 

sequences of all strains in the probiotic products significantly differed from those of the 

indigenous species phylogenetically closest to the probiotic strains. The 16S sequence of the 

B. longum strain used in Group III was almost identical to that of an indigenous 

Bifidobacterium species, so that a distinguishable additive Lactococcus lactis strain was used 

in this product for the detection of administrated bacteria in Group III samples. The 16S 

sequences of these probiotic strains were included in the databases constructed in this study, 

and the 16S reads assigned to administrated strains had the average similarity between 99.4 

and 99.9% identities with the reference sequences (data not shown). The OTUs assigned to 

the probiotic strains were detected in samples (S01 to S04) during probiotic intervention 

(designated “Pro(+)”) in various frequencies, however, almost no detected in samples (S00 
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and S05 to S08) without probiotics administration (designated “Pro(-)”) (Table 5.3). 

Administrated probiotic strains were shown to be more frequently detected in samples during 

the intervention than in pre- and post-intervention periods by using different detection 

methods such as culturing, targeted PCR and hybridization[124, 126-128, 130, 132, 133, 146]. 

In this study, two probiotic Lactobacillus and one additive Lactococcus strains were detected 

in post-intervention samples in three subjects with a minimum count, respectively. The 

similarity of these three 16S sequences was 99.4, 99.7 and 100% identity with those of 

administrated Lactobacillus and Lactococcus strains, respectively, indicating that these are 

administrated strains. The survival of some probiotics in post-intervention period was also 

reported previously [128, 130]. The data of this study suggested that some probiotic strains 

seem to be able to persistently colonize the intestine and their survivability may be related to 

metabolic activity in the intestine [147, 148]. Probiotic Bifidobacterium strains were not 

detected in any Pro(-) samples. However, two distinct 16S sequences both assigned to B. 

animals were found in two subjects APr37 and APr39. One showed a high similarity of >98% 

identity with the 16S sequence of the administrated B. animals and was detected with high 

frequency only in the Pro(+) samples, while another showed a low similarity of 96.5 to 97.4% 

identity (a mean of 97.2%) with low frequency in both the Pro(-) and Pro(+) samples. These 

data suggest the presence of unknown indigenous species phylogenetically close to, but 

distinct from, probiotic B. animals in human gut microbiota. The total number of bacteria 

contained in each probiotic product was varied between 109 and 1010, showing no large 

difference in quantity among them (Table 5.1). No clear correlation was also observed 

between the number of bacteria in the products and the frequency in detection of the 

administrated strains in the Pro(+) samples. From these observations, the frequency of 

administrated bacteria detected in feces may not be largely affected by their amounts in the 

products. Therefore, detection of L. brevis and L. delbrueck at relatively low level in feces 

cannot be simply explained by the difference in a dose, but could be considered the 
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association with several factors such as their survivability in the intestine, diet, or 

physiological conditions of subjects. 

 

Table 5.3 Detection of administrated probiotic strains in fecal sample by OTU 
assignment of 16S sequence 

 
NA: not analyzed 
Numbers indicate frequency of 16S reads contained in OTUs assigned to probiotic strains. 
*L. lactis was used for detection of administrated strains instead of probiotic Bifidobacterium 
almost identical to indigenous species. 
 

5.3.1.2 Change of species richness in samples with and without probiotics 

 I analyzed species richness (OTU number) in Pro(+) and Pro(-) samples. Figure 5.2 showed 

the change in OTU numbers for every sample in each subject, indicating that OTU numbers 

vary dramatically for every sample. Most of the variation can be attributed to single OTUs 

representing the minority species. I averaged the OTU numbers of the Pro(-) and Pro(+) 

samples and compared them for subject, group, type of probiotics (Lactobacillus and 

Bifidobacterium), and all combined samples, respectively (Figure 5.3). The average OTU 

numbers in six out of 18 subjects were decreased in the range of the ratio of 0.83 to 0.95 in 

the Pro(+) samples compared with the Pro(-) samples, while those in other 12 subjects were 

increased in the range of the ratio of 1.01 to 1.43. For group, only Group IV showed a 

decrease of the average OTU number in the Pro(+) samples with the ratio of 0.94. For type of 

Pro (-) Pro (+) Pro (+) Pro (+) Pro (+) Pro (-) Pro (-) Pro (-) Pro (-) 
Probiotic strains 

Group Subject (APr) S00 S01 S02 S03 S04 S05 S06 S07 S08 

Group I 
APr01 0 9 25 19 25 0 0 0 0 

Lactobacillus 
casei APr02 0 17 4 33 15 0 0 0 0 

APr03 0 3 6 11 15 0 0 0 0 

Group II 
APr09 0 0 3 0 3 NA 0 0 0 

Lactobacillus 
brevis APr11 0 1 1 1 2 0 0 0 0 

APr12 0 0 2 NA 0 0 0 0 0 

Group III 
APr16 0 31 0 10 9 0 0 0 0 

Lactococcus 
lactis* APr17 0 20 12 24 4 0 0 0 0 

APr19 0 4 7 13 7 1 0 0 0 

Group IV 
APr20 0 12 12 23 20 0 0 0 0 

Lactobacillus 
rhamnosus APr22 0 30 11 16 12 1 0 0 0 

APr23 0 10 34 14 7 0 0 0 0 

Group V 
APr29 0 0 2 0 0 0 0 0 0 

Lactobacillus 
delbrueckii APr31 0 1 2 7 3 0 0 0 1 

APr32 0 3 0 6 11 NA 0 0 0 

Group VI 
APr37 0 418 629 365 501 NA 0 0 0 

Bifidobacterium 
animalis APr39 0 142 111 188 52 0 0 0 0 

APr40 0 64 6 0 0 0 0 0 0 
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probiotics and all samples, the average OTU numbers in the Pro(+) samples were slightly 

more abundant (approximately 1.07-fold) than those in the Pro(-) samples, but no statistical 

significance was observed in any dataset. The increase of OTU number in the Pro(+) samples 

was largely due to the minority species (Figure 5.2), while the abundance of the majority 

species (OTUs containing ≥10 reads) was almost constant over time. The same analysis using 

different sets of 3,000 reads for each subject was also performed. These data argue that 

administration of probiotics tends to increase species richness in fecal microbiota, which may 

be beneficial for the consumer because the species richness in fecal microbiota of subjects 

afflicted with disease such as inflammatory bowl disease is significantly reduced compared 

with that of healthy subjects [149]. 

 

 
Figure 5.2 Change of OTUs having various numbers of 16S reads for every sample in 
subjects and the examined period 
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Figure 5.3 Change of OTU number in fecal microbiota with and without probiotics 
administration. 
(a) individual, (b) group, (c) type of probiotics. Black bar indicates Pro(-) samples. Gray bar 
indicates Pro(+) samples. The error bars represent standard deviation. 
 

5.3.1.3 Change of species composition in samples with and without probiotics 

 The average weighted and unweighted UniFrac distances within Pro(-) and Pro(+), and 

between Pro(-) and Pro(+) samples for every group, probiotics types and all subjects, was 

calculated respectively (Figure 5.4). High UniFrac distance implies the high variability of 

microbiota structure within and between samples. If difference between any pair of the three 

distances is statistically significance, it can be considered that probiotics administration 

significantly affected the overall microbiota composition. It was found that the highest 

difference in weighted UniFrac distances between Pro(+) and Pro(-) samples in Group VI. 

However, statistics evaluation of this difference by Student's t test showed no significance 

(data not shown). These data implied that high stability of gut microbiota to probiotics 

administration for all subjects examined. The UniFrac distances of intra-subject gut 

microbiota were also analyzed (Figure 5.5). Although five subjects (APr02, 12, 16, 37 and 

39) showed a significant difference in the UniFrac distances between Pro(-) and Pro(+) 

samples, the results showed that both weighted and unweighted distances between Pro(-) and 
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Pro(+) of all intra-subjects were significantly lower than the average distance of the 18 

unrelated subjects. The Welch’s t test for these differences showed statistical significance 

(Table 5.4). Thus, these data suggested that the perturbation of microbiota elicited by 

probiotics in an intra-subject did not overcome the inter-subject variations of gut microbiota, 

supporting high intra-specificity and stability of gut microbiota [7, 150]. This robustness of 

gut microbiota of adults is in contrast with the profound effect of antibiotic administration on 

adult gut microbiota [151] and the observed response of gut microbiota of infants fed with 

probiotics, in which the infant gut microbiota composition was considerably affected by 

probiotics [136]. A short-term dietary intervention study showed that in controlled feeding of 

the same diet to subjects over 10 days a marked change was observed within 1 day after the 

intervention initiation [152]. In this study, no significant difference was observed between 

samples before (S00) and first samples (S01) after the intervention initiation (data not shown). 

It would be valuable to analyze fecal samples collected within a few days after administration 

of probiotics for evaluation of the short-term effect of probiotics. 
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Figure 5.4 Average UniFrac distance within Pro (-) and Pro(+) and between Pro(-) and 
Pro(+) for each group, type of probiotics and all subject.  
Average UniFrac distance between any pair of the three distances for type of probiotics and 
all subject (a and b), and each group (c and d). Open circle, closed circle, and closed square 
indicate average UniFrac distance within Pro (-), within Pro (+) and between Pro(-) and 
Pro(+) samples, respectively. 
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Figure 5.5 Average UniFrac distance within Pro(-) and Pro(+) and between Pro(-) and 
Pro(+) for each subject.  
Open circles, closed circles, and closed squares indicate average UniFrac distance within 
Pro(-), within Pro(+) and between Pro(-) and Pro(+) samples, respectively. Closed triangles 
indicate average UniFrac distance between samples (S00) of 18 unrelated individuals. 
 

Table 5.4 Statistical evaluation of differences in UniFrac distances between each intra-
subject and 18 unrelated subjects 

 
The Welch's t test was used to calculate the P-values 
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Weighted UniFrac �� Unweighted UniFrac 

Subject P-value� �� Subject P-value�
APr01 1.1273E-09 APr01 1.9660E-12 

APr02 1.4501E-06 APr02 5.8962E-12 

APr03 3.3515E-08 APr03 5.0581E-16 

APr09 6.9384E-11 APr09 1.8923E-10 

APr11 3.8418E-11 APr11 2.2021E-25 

APr12 4.3680E-12 APr12 5.5241E-14 

APr20 2.7362E-21 APr20 8.2730E-18 

APr22 1.2724E-18 APr22 1.6304E-17 

APr23 9.4860E-12 APr23 8.8633E-10 

APr29 2.8113E-13 APr29 1.4073E-16 

APr31 1.8091E-12 APr31 1.3290E-11 

APr32 3.0355E-06 APr32 5.6107E-10 

APr16 3.3705E-14 APr16 3.6037E-08 

APr17 1.5936E-05 APr17 6.9927E-06 

APr19 2.7300E-04 APr19 8.5021E-06 

APr37 4.0409E-04 APr37 3.8670E-05 

APr39 8.0596E-04 APr39 1.7585E-06 

APr40 1.2277E-19 �� APr40 8.4807E-14 



 

52 

5.3.2 Identification of bacterial species having significant increase 

and decrease by probiotics administration 

 Although these results suggested that administration of probiotics had almost no effect on the 

overall structure of gut microbiota, it would be possible to identify bacterial species largely 

responding to the administrated probiotics at OTU/species level. Therefore, OTUs having an 

increase and a decrease between Pro(+) and Pro(-) samples by comparing the number of 16S 

reads in each OTU were surveyed. I first enumerated the OTUs showing ≥2-fold change 

between the Pro(-) and Pro(+) samples for each subject, and the quantity difference was also 

obtained by subtracting the 16S read number of the Pro(+) samples by that of the Pro(-) 

samples. This is because OTUs showing a high quantity difference but less fold change may 

also have substantial influence on gut microbiota composition. It was found that several 

OTUs significantly changed by probiotics administration, including OTUs assigned to both 

indigenous and the administrated strains (Figure 5.6). I listed 88 OTUs (7.5% of a total of 

1,175 OTUs) having significant change of ≥3-fold, among which 30 OTUs changed with 

≥10-fold  (Figure 5.7). I excluded six OTUs assigned to the administrated strains from the 30 

OTUs and obtained 25 OTUs assigned to the indigenous species including OTU00072 

assigned to Streptococcus salivarius that showed significant change in two subjects (Table 

5.5). I also found seven OTUs having significant difference in quantity between the both 

samples (Table 5.6). Of the combined 32 OTUs (2.7%), 18 were increased and 14 were 

decreased by probiotics administration. Many of the OTUs showing a significant increase 

were assigned to minority species in the Pro(-) samples, but some increased up nearly 7% in 

abundance (e.g., OTU00372 assigned to Eubacterium rectale). On the other hand, the OTUs 

showing a significant decrease were almost undetected in the Pro(+) samples. Phylum-level 

species assignment showed that species belonging to the phylum Firmicutes were most 

largely affected by both probiotics, and all species belonging to the phylum Bacteroidetes 

were affected only by Lactobacillus probiotics (Table 5.7). The 32 OTUs were assigned to 27 
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indigenous species, among which four species (Clostridium clostridioforme, Eubacterium 

eligens, Eubacterium rectale, and Faecalibacterium prausnitzii) were assigned by eight 

different OTUs and one species (S. salivarius) was assigned by the two same OTUs as 

described above. These data suggested that two closely related species each other are 

contained in the four bacterial species. All of these species except for S. salivarius were found 

to show significant change only in one subject, indicating that response of the indigenous 

species to probiotics is highly individual-specific (Figure 5.8). Two different OTUs 

(OTU02677 and OTU02748) assigned to F. prausnitzii, of which the reduction is known to be 

correlated with inflammatory bowl disease [153], were found to both decrease and increase in 

the same subject (APr40) by probiotic administration, suggesting that these two 

phylogenetically close species may have the diversity of response to probiotic action. The 

distribution of the 32 OTUs in the subjects was also examined. The results revealed that four 

subjects (APr11, 20, 22, and 37) did not have such OTUs and eight subjects had only one 

OTU, while four subjects (APr01, 02, 31 and 39) had more than four OTUs showing 

significant change (Figure 5.9), suggesting their uneven distribution in the 18 subjects. These 

data imply existence of the sensitive and less sensitive responders to probiotic action and if 

so, it would be interesting to investigate the relation between gut microbiota type and its 

response to probiotics. 
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Figure 5.6 OTUs having change of ≥2-fold and their difference in quantity between 
Pro(-) and Pro(+) samples.  
The x-axis represents the difference (read number) in quantity between Pro(+) and Pro(-) 
samples. The y-axis represents the scale of fold change between Pro(+) and Pro(-) samples. 
Closed and open circles indicate each administrated probiotic and indigenous species. 
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Figure 5.7 Number and ratio of OTUs having significant change by probiotics 
administration.  
Numbers of OTUs having change of ≥3-fold (Black bars) and ≥10-fold (Gray bars) by 
probiotics administration were shown. Statistical significance was determined using the 
Welch's t test with P<0.05. Numbers indicate the number of OTUs (a) and the ratio % for 
total OTU number (b). Both indicate OTUs showing both increase and decrease. 
 

Table 5.5 OTUs and assigned indigenous species having significant change of ≥10-fold 
by probiotics administration 

 
*OTU00072 assigned to Streptococcus salivarius showed a significant increase of ≥10-fold in 
two subjects.  
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OTU ID Subject Group Average read # 
Pro(+) 

SD 
Pro(+) 

Average read # 
Pro(-) 

SD 
Pro(-) Fold Increase/

Decrease P-value Best-hit species Identity in 
% 

OTU01567 APr31 V 21.75 13.02 0.00 0.00 - Increase 0.022 rumen bacterium NK3B98 88.24 
OTU00072* APr32 V 159.25 93.32 0.50 1.00 318.50 Increase 0.021 Streptococcus salivarius 100 
OTU02549 APr39 VI 10.00 4.69 0.60 1.34 16.67 Increase 0.012 Erysipelotrichaceae bacterium 5_2_54FAA 93.48 
OTU00374 APr02 �� 11.50 7.85 0.60 1.34 19.17 Increase 0.034 Eubacterium eligens 100 
OTU00304 APr02 �� 79.50 49.98 0.80 1.30 99.38 Increase 0.026 Lachnospiraceae bacterium 5_1_63FAA 98.78 
OTU02677 APr40 VI 17.25 8.34 1.00 1.73 17.25 Increase 0.014 Faecalibacterium prausnitzii 96.20 
OTU00378 APr02 �� 52.00 20.35 1.40 3.13 37.14 Increase 0.007 Eubacterium eligens 98.78 
OTU00679 APr23 IV 46.75 37.16 1.60 3.58 29.22 Increase 0.046 Bacteroides uniformis 97.77 
OTU00380 APr31 V 18.75 12.79 1.80 2.49 10.42 Increase 0.037 Clostridia bacterium S130(2)-2 92.35 
OTU01386 APr39 VI 26.00 16.57 2.00 1.22 13.00 Increase 0.031 Firmicutes bacterium DJF_VR50 96.93 
OTU00372 APr02 �� 222.50 92.41 2.00 2.45 111.25 Increase 0.009 Eubacterium rectale 96.32 
OTU00384 APr39 VI 77.25 27.87 6.00 8.40 12.88 Increase 0.006 Clostridium clostridioforme 96.01 
OTU00072* APr31 V 105.00 68.17 9.00 5.61 11.67 Increase 0.033 Streptococcus salivarius 100 
OTU00854 APr39 VI 129.50 67.61 12.00 10.61 10.79 Increase 0.019 Clostridium clostridioforme 96.09 
OTU00288 APr01 �� 0 - 10.60 11.04 - Decrease 0.049 Parabacteroides sp. D13 99.19 
OTU00176 APr01 �� 1.00 1.41 12.40 8.85 0.08 Decrease 0.022 Coprobacillus cateniformis 99.67 
OTU01283 APr16 III 0.25 0.50 12.60 9.66 0.02 Decrease 0.023 Ruminococcus sp. DJF_VR52 96.60 
OTU01990 APr29 V 0.75 1.50 17.80 14.13 0.04 Decrease 0.027 Mitsuokella multacida 94.89 
OTU01404 APr17 III 0 - 20.40 21.05 - Decrease 0.048 butyrate-producing bacterium SM6/1 95.40 
OTU00257 APr01 �� 0 - 20.60 15.19 - Decrease 0.019 Bacteroides sp. 20_3 94.64 
OTU02748 APr40 VI 0 - 23.20 21.84 - Decrease 0.038 Faecalibacterium prausnitzii 99.35 
OTU00331 APr03 �� 0 - 27.40 26.66 - Decrease 0.042 Bifidobacterium adolescentis 97.42 
OTU00605 APr19 III 1.50 1.29 32.20 26.96 0.05 Decrease 0.032 Lachnospiraceae bacterium 4_1_37FAA 99.08 
OTU02241 APr31 V 0 - 42.20 39.26 - Decrease 0.037 Catenibacterium mitsuokai 94.44 
OTU01169 APr12 II 3.00 5.20 55.60 46.22 0.05 Decrease 0.032 Parabacteroides merdae 95.89 
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Table 5.6 OTUs and assigned indigenous species having significant quantity difference 
in quantity by probiotics administration 

 
OTUs having quantity difference of ≥150 reads and fold change of <10 between Pro(-) and 
Pro(+) samples were listed. 
 

Table 5.7 Phylum-level species assignment of OTUs having significant fold change or 
quantity difference by administration of probiotics 

 
*Administrated probiotic strains were excluded, and only OTUs of P-value <0.05 were 
shown. 
  

��

OTU ID Subject Group 
Average 
read # SD Average 

read # SD Fold 
change 

Difference between 
Pro(+) and Pro(-) P-value Best-hit species Identity 

in % Pro(+) Pro(+) Pro(-) Pro(-) 
OTU00144 APr09 II 414.75 119.33 52.75 104.17 7.9 362 0.002 Bacteroides dorei 99.36 
OTU00241 APr02 I 339.75 218.4 52.8 50.08 6.4 286.95 0.038 Eubacterium rectale 99.39 
OTU00015 APr39 VI 227 87.2 38.4 36.27 5.9 188.6 0.008 Clostridium saccharolyticum 91.72 
OTU00049 APr01 I 480 245.51 114.6 67.59 4.2 365.4 0.027 Clostridium sp. CE6 99.04 
OTU00022 APr39 VI 108.75 52.56 342.2 243.71 0.3 -233.45 0.049 Ruminococcus gnavus 99.08 
OTU00393 APr19 III 122 98.04 405.6 209.96 0.3 -283.6 0.019 Ruminococcus obeum 95.98 
OTU02208 APr31 V 20 40 190.2 173.64 0.1 -170.2 0.047 Eubacteriaceae bacterium DJF_VR85 96.17 

Table 1. Phylum-level species assignment of OTUs showing significant fold change or quantity difference by administration of probiotics. 

Type of 
Probiotics  Change *Number of 

varied OTUs  

Fold change (≥10-fold) 
Number of 

varied OTUs  

Difference (≥150 reads) 

Firmicutes Actinobacteria Bacteroidetes Unclassified 
bacterium Firmicutes Bacteroidetes 

Lactobacillus 
Increase 9 7 0 1 1 3 2 1 

Decrease 7 3 1 3 0 1 1 0 

�� Total 16 10 1 4 1 4 3� 1��

Bifidobacterium 
Increase 5 5 0 0 0 1 1 0 

Decrease 4 4 0 0 0 2 2 0 

�� Total 9 9 0 0 0 3 3�� 0�

All 
Increase 14 12 0 1 1 4 3 1 

Decrease 11 7 1 3 0 3 3 0 

�� Total 25 19 1 4 1 7 6 1 

�Administrated probiotic strains were excluded, and only OTUs with a P-value <0.05 were shown. �� ��
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Figure 5.8 Distribution of bacterial species having significant change in subjects.  
The y-axis indicates the number of subjects to which 27 bacterial species having significant 
change by probiotics administration were assigned. 
 

 
Figure 5.9 Distribution of 32 OTUs having significant change in every subject.  
The y-axis indicates the number of OTUs having significant change between Pro(-) and Pro(+) 
samples in each subject. Open and closed bars indicate increased and decreased OTUs, 
respectively. 
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6 Conclusion 

 I conducted researches for this dissertation along the three important keywords, which is 16S 

rRNA gene, next-generation sequencing technologies (NGS), and human gut microbiota. 

Bacterial 16S rRNA gene is important for the analysis of bacterial community. The analysis 

of human gut microbiota using NGS provided us the high-throughput DNA-based approach to 

comprehensively evaluate the overall structure and its change. 

 In chapter 3, I constructed genomic-based 16S rRNA gene database called GRD, which is 

useful for 16S-based taxonomic analysis of bacterial community. GRD was made by the 

unique method that was extraction of 16S rRNA genes from genome sequences directly. I 

revealed that the quality of annotation by GRD was higher than that by GenBank, and GRD 

was composed of high-quality 16S rRNA genes as compared with other three publically 

available databases. Furthermore, I found boundary identity of 16S rRNA genes between each 

taxonomic level, which is useful and reliable for 16S-based taxonomical assignment of 

species. 

 In chapter 4, I developed improved universal primer 27Fmod, which provided higher 

quantitative accuracy than the conventional primer 27F for the analysis of the bacterial 

composition in human gut microbiota. 

 In chapter 5, I analyzed change of gut microbiota of healthy adults fed with probiotics by 

using the improved 454 pyrosequencing platform with the improved quantitative accuracy for 

evaluation of the overall bacterial composition. This study using large datasets enabled us to 

evaluate the effect of probiotics on gut microbiota of healthy adults more comprehensively 

and precisely than the previous probiotic intervention researches in which the analysis 

exclusively focused on only several limited bacterial species by using conventional methods. 

This data further supports the high inter-subject variability and the high intra-subject stability 

that is the current common view for the feature of adult gut microbiota. 
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Appendix 

Table 1. Strains having difference in 16S copy numbers in the individual genome 
between GRD and GenBank 

Name GRD GenBank Difference* 
Clostridium_difficile_M120_uid158361 11 0 11 
Clostridium_difficile_2007855_uid158365 9 0 9 
Clostridium_difficile_CF5_uid158359 9 0 9 
Vibrio_fischeri_MJ11_uid58907 10 1 9 
Bacillus_coagulans_2_6_uid68053 9 1 8 
Azospirillum_brasilense_Sp245_uid162161 11 5 6 
Staphylococcus_aureus_ST398_uid159247 6 0 6 
Paenibacillus_polymyxa_M1_uid162159 14 10 4 
Pseudomonas_putida_DOT_T1E_uid171260 8 4 4 
Actinobacillus_pleuropneumoniae_serovar_5b_L20_uid58789 6 3 3 
Actinobacillus_pleuropneumoniae_serovar_7_AP76_uid59231 6 3 3 
Alteromonas_macleodii__Deep_ecotype__uid58251 6 4 2 
Bacillus_subtilis_BSn5_uid62463 11 9 2 
Heliobacterium_modesticaldum_Ice1_uid58279 10 8 2 
Methanosarcina_mazei_Go1_uid57893 3 1 2 
Staphylococcus_aureus_HO_5096_0412_uid162163 6 4 2 
Staphylococcus_pseudintermedius_HKU10_03_uid62125 6 4 2 
Acinetobacter_baumannii_TYTH_1_uid176498 6 5 1 
Bacillus_amyloliquefaciens_plantarum_AS43_3_uid183682 10 9 1 
Bacillus_amyloliquefaciens_TA208_uid158701 7 6 1 
Bacillus_amyloliquefaciens_XH7_uid158881 8 7 1 
Bacillus_amyloliquefaciens_Y2_uid165195 10 9 1 
Clostridium_difficile_R20291_uid40921 10 9 1 
Desulfotomaculum_reducens_MI_1_uid58277 9 8 1 
Haemophilus_influenzae_10810_uid86647 6 5 1 
Listeria_monocytogenes_serotype_4a_L99_uid161953 6 5 1 
Pantoea_ananatis_LMG_20103_uid46807 7 6 1 
Thermomicrobium_roseum_DSM_5159_uid59341 2 1 1 
Vibrio_harveyi_ATCC_BAA_1116_uid58957 11 10 1 
Pseudomonas_fluorescens_SBW25_uid158693 5 6 -1 
Lactobacillus_casei_BD_II_uid162119 5 10 -5 
Lactobacillus_casei_LC2W_uid162121 5 10 -5 
 *(Difference) = (GRD) – (GenBank) 
 

Table 2. Strains having difference in the average length ≥ 100 bp between GRD and 
GenBank 

Name GRD GenBank Difference* 

Pyrobaculum_1860_uid82379 3,606 1,499 2,107 
Fervidobacterium_pennivorans_DSM_9078_uid78143 2,041 1,273 768 
Pyrobaculum_aerophilum_IM2_uid57727 2,215 1,498 717 
Pyrobaculum_arsenaticum_DSM_13514_uid58409 2,214 1,499 715 
Pyrobaculum_neutrophilum_V24Sta_uid58421 2,204 1,495 709 
Aeropyrum_pernix_K1_uid57757 2,204 1,501 703 
Pyrobaculum_oguniense_TE7_uid84411 2,202 1,506 696 
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Name GRD GenBank Difference* 

Thermus_scotoductus_SA_01_uid62273 2,177 1,539 638 
Micrococcus_luteus_NCTC_2665_uid59033 2,231 1,616 615 
Neisseria_lactamica_020_06_uid60851 1,541 986 555 
Neisseria_meningitidis_053442_uid58587 1,541 986 555 
Corynebacterium_resistens_DSM_45100_uid50555 1,967 1,544 423 
Corynebacterium_aurimucosum_ATCC_700975_uid59409 1,849 1,543 306 
Bifidobacterium_animalis_lactis_BB_12_uid158871 1,538 1,232 306 
Burkholderia_glumae_BGR1_uid59397 1,533 1,236 297 
Thiomonas_3As_uid178369 1,529 1,264 265 
Candidatus_Cloacamonas_acidaminovorans_uid62959 1,602 1,355 247 
Burkholderia_gladioli_BSR3_uid66301 1,533 1,296 237 
Leptospira_biflexa_serovar_Patoc__Patoc_1__Paris__uid58993 1,500 1,276 224 
Desulfitobacterium_dehalogenans_ATCC_51507_uid82553 1,647 1,427 220 
Streptococcus_intermedius_JTH08_uid168614 1,554 1,335 219 
Streptococcus_equi_zooepidemicus_MGCS10565_uid59263 1,552 1,335 217 
Spirochaeta_thermophila_DSM_6192_uid53037 1,547 1,338 209 
Desulfitobacterium_dichloroeliminans_LMG_P_21439_uid8255
5 1,687 1,479 208 
Clostridium_sticklandii_DSM_519_uid59585 1,561 1,359 202 
Mycoplasma_hyorhinis_HUB_1_uid51695 1,525 1,349 176 
Borrelia_garinii_BgVir_uid162165 1,536 1,367 169 
Clostridium_BNL1100_uid84307 1,554 1,394 160 
Thermobacillus_composti_KWC4_uid74021 1,605 1,449 156 
Synechococcus_JA_2_3B_a_2_13__uid58537 1,478 1,323 155 
Melissococcus_plutonius_ATCC_35311_uid66803 1,555 1,402 153 
Synechococcus_JA_3_3Ab_uid58535 1,474 1,324 150 
Clostridium_clariflavum_DSM_19732_uid82345 1,516 1,367 149 
Actinobacillus_pleuropneumoniae_serovar_5b_L20_uid58789 1,686 1,541 145 
Campylobacter_curvus_525_92_uid58669 1,713 1,575 138 
Streptococcus_agalactiae_NEM316_uid61585 1,547 1,409 138 
Chlorobium_luteolum_DSM_273_uid58175 1,500 1,363 137 
Clostridium_cellulolyticum_H10_uid58709 1,654 1,518 136 
Caldisphaera_lagunensis_DSM_15908_uid183486 1,524 1,388 136 
Natrinema_pellirubrum_DSM_15624_uid74437 1,496 1,361 135 
Caldivirga_maquilingensis_IC_167_uid58711 1,687 1,554 133 
Natronobacterium_gregoryi_SP2_uid74439 1,494 1,361 133 
Streptococcus_pyogenes_NZ131_uid59035 1,551 1,419 132 
Halovivax_ruber_XH_70_uid184819 1,494 1,362 132 
Lactococcus_lactis_cremoris_SK11_uid57983 1,547 1,416 131 
Streptococcus_pneumoniae_ATCC_700669_uid59287 1,544 1,413 131 
Streptococcus_pneumoniae_CGSP14_uid59181 1,543 1,412 131 
Corynebacterium_diphtheriae_241_uid83607 1,520 1,392 128 
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Name GRD GenBank Difference* 

Natronococcus_occultus_SP4_uid184863 1,491 1,363 128 
Corynebacterium_diphtheriae_NCTC_13129_uid57691 1,519 1,392 127 
Aciduliprofundum_MAR08_339_uid184407 1,495 1,370 125 
Candidatus_Portiera_aleyrodidarum_BT_B_uid173859 1,541 1,418 123 
Anaerobaculum_mobile_DSM_13181_uid168323 1,531 1,408 123 
Mycobacterium_smegmatis_JS623_uid184820 1,524 1,402 122 
Streptococcus_parasanguinis_FW213_uid163997 1,550 1,429 121 
Sphaerochaeta_pleomorpha_Grapes_uid82365 1,541 1,420 121 
Mesotoga_prima_MesG1_Ag_4_2_uid52599 1,529 1,408 121 
Gramella_forsetii_KT0803_uid58881 1,528 1,407 121 
Mycobacterium_chubuense_NBB4_uid168322 1,520 1,399 121 
Mycobacterium_rhodesiae_NBB3_uid75107 1,520 1,399 121 
Microcoleus_PCC_7113_uid183114 1,491 1,370 121 
Nostoc_PCC_7524_uid182933 1,488 1,367 121 
Rivularia_PCC_7116_uid182929 1,487 1,366 121 
Desulfosporosinus_acidiphilus_SJ4_uid156759 1,578 1,458 120 
Desulfosporosinus_meridiei_DSM_13257_uid75097 1,567 1,447 120 
Desulfosporosinus_orientis_DSM_765_uid82939 1,566 1,446 120 
Geobacillus_HH01_uid188479 1,558 1,438 120 
Desulfomonile_tiedjei_DSM_6799_uid168320 1,557 1,437 120 
secondary_endosymbiont_of_Heteropsylla_cubana_Thao2000_u
id172738 1,547 1,427 120 
Marinitoga_piezophila_KA3_uid81629 1,541 1,421 120 
Spirochaeta_africana_DSM_8902_uid81779 1,537 1,417 120 
Pleurocapsa_PCC_7327_uid183006 1,490 1,370 120 
Dactylococcopsis_salina_PCC_8305_uid183341 1,489 1,369 120 
Cyanobium_gracile_PCC_6307_uid182931 1,485 1,365 120 
Oscillatoria_acuminata_PCC_6304_uid183003 1,490 1,371 119 
Cylindrospermum_stagnale_PCC_7417_uid183111 1,488 1,369 119 
Chamaesiphon_PCC_6605_uid183005 1,487 1,368 119 
Synechococcus_PCC_7502_uid183008 1,484 1,365 119 
Streptococcus_suis_GZ1_uid161937 1,554 1,436 118 
Frateuria_aurantia_DSM_6220_uid81775 1,545 1,427 118 
Rahnella_aquatilis_CIP_78_65___ATCC_33071_uid86855 1,543 1,425 118 
Enterobacteriaceae_bacterium_FGI_57_uid185181 1,542 1,424 118 
secondary_endosymbiont_of_Ctenarytaina_eucalypti_uid17273
7 1,542 1,424 118 
Serratia_marcescens_FGI94_uid185180 1,541 1,423 118 
Dechlorosoma_suillum_PS_uid81439 1,540 1,422 118 
Acinetobacter_baumannii_MDR_TJ_uid162739 1,537 1,419 118 
Halobacteroides_halobius_DSM_5150_uid184862 1,536 1,418 118 
Pseudomonas_stutzeri_RCH2_uid184342 1,536 1,418 118 
Thioflavicoccus_mobilis_8321_uid184343 1,536 1,418 118 
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Thiocystis_violascens_DSM_198_uid74025 1,529 1,411 118 
Terriglobus_roseus_DSM_18391_uid168183 1,500 1,382 118 
alpha_proteobacterium_HIMB59_uid175778 1,494 1,376 118 
Sinorhizobium_meliloti_GR4_uid184823 1,484 1,366 118 
Sulfurospirillum_barnesii_SES_3_uid168117 1,512 1,396 116 
Edwardsiella_tarda_FL6_60_uid159657 1,544 1,429 115 
Thermus_thermophilus_JL_18_uid162129 1,519 1,405 114 
Methanomethylovorans_hollandica_DSM_15978_uid184864 1,479 1,365 114 
Corynebacterium_efficiens_YS_314_uid62905 1,521 1,408 113 
Singulisphaera_acidiphila_DSM_18658_uid81777 1,514 1,401 113 
Thermus_oshimai_JL_2_uid178948 1,507 1,394 113 
Methanoregula_formicicum_SMSP_uid184406 1,471 1,358 113 
Streptococcus_pneumoniae_Hungary19A_6_uid59117 1,544 1,434 110 
Streptococcus_pneumoniae_P1031_uid59123 1,544 1,434 110 
Flexibacter_litoralis_DSM_6794_uid168257 1,528 1,418 110 
Alistipes_finegoldii_DSM_17242_uid168180 1,524 1,414 110 
Echinicola_vietnamensis_DSM_17526_uid184076 1,522 1,412 110 
Deinococcus_peraridilitoris_DSM_19664_uid183485 1,506 1,396 110 
Prevotella_dentalis_DSM_3688_uid184818 1,534 1,425 109 
Aequorivita_sublithincola_DSM_14238_uid168181 1,524 1,415 109 
Belliella_baltica_DSM_15883_uid168182 1,522 1,413 109 
Owenweeksia_hongkongensis_DSM_17368_uid82951 1,520 1,411 109 
Solitalea_canadensis_DSM_3403_uid81783 1,520 1,411 109 
Ornithobacterium_rhinotracheale_DSM_15997_uid168256 1,517 1,408 109 
Nanoarchaeum_equitans_Kin4_M_uid58009 1,504 1,395 109 
alpha_proteobacterium_HIMB5_uid175779 1,475 1,366 109 
Candidatus_Carsonella_ruddii_HC_isolate_Thao2000_uid1727
34 1,549 1,442 107 
Candidatus_Carsonella_ruddii_CE_isolate_Thao2000_uid1727
32 1,544 1,441 103 
Candidatus_Carsonella_ruddii_CS_isolate_Thao2000_uid1727
33 1,538 1,435 103 
Candidatus_Carsonella_ruddii_PC_isolate_NHV_uid172736 1,536 1,433 103 
Bacillus_cereus_NC7401_uid82815 1,551 1,450 101 
Candidatus_Carsonella_ruddii_HT_isolate_Thao2000_uid1727
35 1,540 1,439 101 
Buchnera_aphidicola__Cinara_tujafilina__uid68101 1,552 1,452 100 
Bacillus_thuringiensis_Al_Hakam_uid58795 1,551 1,451 100 
Bacillus_amyloliquefaciens_TA208_uid158701 1,457 1,557 -100 
Bacillus_amyloliquefaciens_Y2_uid165195 1,454 1,555 -101 
Acinetobacter_baumannii_TYTH_1_uid176498 1,355 1,491 -136 
Clostridium_difficile_CD196_uid41017 1,493 1,632 -139 
Bacillus_subtilis_BSn5_uid62463 1,417 1,558 -141 
Sorangium_cellulosum__So_ce_56__uid61629 1,557 1,718 -161 
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Pseudomonas_fluorescens_SBW25_uid158693 1,537 1,763 -226 
Clostridium_difficile_R20291_uid40921 1,397 1,643 -246 
Alteromonas_macleodii__Deep_ecotype__uid58251 1,276 1,533 -257 
Corynebacterium_diphtheriae_HC03_uid84299 1,519 1,877 -358 
Corynebacterium_diphtheriae_BH8_uid84311 1,519 1,878 -359 
Azospirillum_brasilense_Sp245_uid162161 942 1,411 -469 
Methanococcus_maripaludis_X1_uid70729 1,488 2,482 -994 
Brachyspira_pilosicoli_B2904_uid175255 1,513 3,256 -1,743 
Brachyspira_pilosicoli_95_1000_uid50609 1,513 3,281 -1,768 
Brachyspira_pilosicoli_WesB_uid175256 1,513 3,281 -1,768 
 *(Difference) = (GRD) – (GenBank) 
 

Table 3. Strains having more than 10 copies of 16S rRNA genes in the genome 
Name 16S copy number 

Bacillus_thuringiensis_MC28_uid176369 15 
Brevibacillus_brevis_NBRC_100599_uid59175 15 
Photobacterium_profundum_SS9_uid62923 15 
Bacillus_cereus_03BB102_uid59299 14 
Bacillus_cereus_AH187_uid58753 14 
Bacillus_cereus_B4264_uid58757 14 
Bacillus_cereus_NC7401_uid82815 14 
Bacillus_thuringiensis_Al_Hakam_uid58795 14 
Bacillus_thuringiensis_BMB171_uid49135 14 
Bacillus_thuringiensis_Bt407_uid177931 14 
Bacillus_thuringiensis_HD_789_uid173860 14 
Bacillus_thuringiensis_serovar_finitimus_YBT_020_uid158875 14 
Bacillus_thuringiensis_serovar_konkukian_97_27_uid58089 14 
Bacillus_weihenstephanensis_KBAB4_uid58315 14 
Clostridium_beijerinckii_NCIMB_8052_uid58137 14 
Paenibacillus_mucilaginosus_3016_uid89377 14 
Paenibacillus_polymyxa_M1_uid162159 14 
Paenibacillus_polymyxa_SC2_uid59583 14 
Shewanella_violacea_DSS12_uid47085 14 
Bacillus_cereus_ATCC_14579_uid57975 13 
Bacillus_cereus_E33L_uid58103 13 
Bacillus_cereus_FRI_35_uid173403 13 
Bacillus_cereus_G9842_uid58759 13 
Bacillus_cereus_Q1_uid58529 13 
Bacillus_cytotoxicus_NVH_391_98_uid58317 13 
Bacillus_thuringiensis_serovar_chinensis_CT_43_uid158151 13 
Paenibacillus_mucilaginosus_K02_uid162117 13 
Paenibacillus_mucilaginosus_KNP414_uid68311 13 
Aliivibrio_salmonicida_LFI1238_uid59251 12 
Bacillus_cereus_AH820_uid58751 12 
Bacillus_cereus_ATCC_10987_uid57673 12 
Bacillus_cereus_F837_76_uid83611 12 
Bacillus_megaterium_QM_B1551_uid15862 12 
Bacillus_thuringiensis_HD_771_uid173374 12 
Clostridium_difficile_BI1_uid158363 12 
Paenibacillus_JDR_2_uid59021 12 
Paenibacillus_polymyxa_E681_uid53477 12 
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Shewanella_sediminis_HAW_EB3_uid58835 12 
Solibacillus_silvestris_StLB046_uid168516 12 
Vibrio_fischeri_ES114_uid58163 12 
Azospirillum_brasilense_Sp245_uid162161 11 
Bacillus_anthracis__Ames_Ancestor__uid58083 11 
Bacillus_anthracis_A0248_uid59385 11 
Bacillus_anthracis_Ames_uid57909 11 
Bacillus_anthracis_CDC_684_uid59303 11 
Bacillus_anthracis_Sterne_uid58091 11 
Bacillus_cereus_biovar_anthracis_CI_uid50615 11 
Bacillus_megaterium_DSM319_uid48371 11 
Bacillus_megaterium_WSH_002_uid159841 11 
Bacillus_subtilis_BSn5_uid62463 11 
Clostridium_acetobutylicum_ATCC_824_uid57677 11 
Clostridium_acetobutylicum_DSM_1731_uid68293 11 
Clostridium_acetobutylicum_EA_2018_uid159515 11 
Clostridium_botulinum_B_Eklund_17B_uid59159 11 
Clostridium_botulinum_E3_Alaska_E43_uid59157 11 
Clostridium_difficile_630_uid57679 11 
Clostridium_difficile_M120_uid158361 11 
Clostridium_lentocellum_DSM_5427_uid49117 11 
Desulfosporosinus_meridiei_DSM_13257_uid75097 11 
Shewanella_pealeana_ATCC_700345_uid58705 11 
Vibrio_Ex25_uid41601 11 
Vibrio_harveyi_ATCC_BAA_1116_uid58957 11 
Vibrio_parahaemolyticus_BB22OP_uid184822 11 
Vibrio_parahaemolyticus_RIMD_2210633_uid57969 11 
Aeromonas_hydrophila_ATCC_7966_uid58617 10 
Aeromonas_veronii_B565_uid66323 10 
Alkaliphilus_metalliredigens_QYMF_uid58171 10 
Bacillus_amyloliquefaciens_DSM_7_uid53535 10 
Bacillus_amyloliquefaciens_FZB42_uid58271 10 
Bacillus_amyloliquefaciens_plantarum_AS43_3_uid183682 10 
Bacillus_amyloliquefaciens_plantarum_CAU_B946_uid84215 10 
Bacillus_amyloliquefaciens_plantarum_YAU_B9601_Y2_uid159001 10 
Bacillus_amyloliquefaciens_Y2_uid165195 10 
Bacillus_anthracis_H9401_uid162021 10 
Bacillus_cellulosilyticus_DSM_2522_uid43329 10 
Bacillus_coagulans_36D1_uid54335 10 
Bacillus_JS_uid162189 10 
Bacillus_subtilis_168_uid57675 10 
Bacillus_subtilis_BSP1_uid184010 10 
Bacillus_subtilis_natto_BEST195_uid183001 10 
Bacillus_subtilis_QB928_uid173926 10 
Bacillus_subtilis_RO_NN_1_uid158879 10 
Bacillus_subtilis_spizizenii_TU_B_10_uid73967 10 
Clostridium_botulinum_BKT015925_uid66203 10 
Clostridium_difficile_CD196_uid41017 10 
Clostridium_difficile_R20291_uid40921 10 
Clostridium_novyi_NT_uid58643 10 
Clostridium_perfringens_13_uid57681 10 
Clostridium_perfringens_SM101_uid58117 10 
Desulfotomaculum_acetoxidans_DSM_771_uid59109 10 
Geobacillus_HH01_uid188479 10 
Geobacillus_thermodenitrificans_NG80_2_uid58829 10 



 

78 

Name 16S copy number 
Geobacillus_thermoglucosidasius_C56_YS93_uid48129 10 
Geobacillus_WCH70_uid59045 10 
Geobacillus_Y4_1MC1_uid55779 10 
Heliobacterium_modesticaldum_Ice1_uid58279 10 
Lysinibacillus_sphaericus_C3_41_uid58945 10 
Psychromonas_ingrahamii_37_uid58521 10 
Shewanella_baltica_BA175_uid52601 10 
Shewanella_baltica_OS117_uid162025 10 
Shewanella_baltica_OS155_uid58259 10 
Shewanella_baltica_OS185_uid58743 10 
Shewanella_baltica_OS195_uid58261 10 
Shewanella_baltica_OS223_uid58775 10 
Shewanella_baltica_OS678_uid50553 10 
Shewanella_halifaxensis_HAW_EB4_uid59007 10 
Shewanella_woodyi_ATCC_51908_uid58721 10 
Vibrio_fischeri_MJ11_uid58907 10 

 

Table 4. Strains having one copy of 16S rRNA gene in the genome 
Name Domain 

Acidianus_hospitalis_W1_uid66875 Archaea 
Acidilobus_saccharovorans_345_15_uid51395 Archaea 
Aciduliprofundum_boonei_T469_uid43333 Archaea 
Aciduliprofundum_MAR08_339_uid184407 Archaea 
Aeropyrum_pernix_K1_uid57757 Archaea 
Archaeoglobus_fulgidus_DSM_4304_uid57717 Archaea 
Archaeoglobus_profundus_DSM_5631_uid43493 Archaea 
Archaeoglobus_veneficus_SNP6_uid65269 Archaea 
Caldisphaera_lagunensis_DSM_15908_uid183486 Archaea 
Caldivirga_maquilingensis_IC_167_uid58711 Archaea 
Candidatus_Korarchaeum_cryptofilum_OPF8_uid58601 Archaea 
Candidatus_Nitrosopumilus_AR2_uid176130 Archaea 
Candidatus_Nitrosopumilus_koreensis_AR1_uid176129 Archaea 
Candidatus_Nitrososphaera_gargensis_Ga9_2_uid176707 Archaea 
Cenarchaeum_symbiosum_A_uid61411 Archaea 
Desulfurococcus_fermentans_DSM_16532_uid75119 Archaea 
Desulfurococcus_kamchatkensis_1221n_uid59133 Archaea 
Desulfurococcus_mucosus_DSM_2162_uid62227 Archaea 
Ferroglobus_placidus_DSM_10642_uid40863 Archaea 
Fervidicoccus_fontis_Kam940_uid162201 Archaea 
Halalkalicoccus_jeotgali_B3_uid50305 Archaea 
Halobacterium_NRC_1_uid57769 Archaea 
Halobacterium_salinarum_R1_uid61571 Archaea 
Halorhabdus_utahensis_DSM_12940_uid59189 Archaea 
Hyperthermus_butylicus_DSM_5456_uid57755 Archaea 
Ignicoccus_hospitalis_KIN4_I_uid58365 Archaea 
Ignisphaera_aggregans_DSM_17230_uid51875 Archaea 
Metallosphaera_cuprina_Ar_4_uid66329 Archaea 
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Metallosphaera_sedula_DSM_5348_uid58717 Archaea 
Methanoculleus_bourgensis_MS2_uid171377 Archaea 
Methanoculleus_marisnigri_JR1_uid58561 Archaea 
Methanopyrus_kandleri_AV19_uid57883 Archaea 
Methanoregula_boonei_6A8_uid58815 Archaea 
Methanoregula_formicicum_SMSP_uid184406 Archaea 
Methanosaeta_harundinacea_6Ac_uid81199 Archaea 
Nanoarchaeum_equitans_Kin4_M_uid58009 Archaea 
Natronomonas_pharaonis_DSM_2160_uid58435 Archaea 
Nitrosopumilus_maritimus_SCM1_uid58903 Archaea 
Picrophilus_torridus_DSM_9790_uid58041 Archaea 
Pyrobaculum_aerophilum_IM2_uid57727 Archaea 
Pyrobaculum_arsenaticum_DSM_13514_uid58409 Archaea 
Pyrobaculum_calidifontis_JCM_11548_uid58787 Archaea 
Pyrobaculum_islandicum_DSM_4184_uid58635 Archaea 
Pyrobaculum_neutrophilum_V24Sta_uid58421 Archaea 
Pyrobaculum_oguniense_TE7_uid84411 Archaea 
Pyrococcus_abyssi_GE5_uid62903 Archaea 
Pyrococcus_furiosus_COM1_uid169620 Archaea 
Pyrococcus_furiosus_DSM_3638_uid57873 Archaea 
Pyrococcus_horikoshii_OT3_uid57753 Archaea 
Pyrococcus_NA2_uid66551 Archaea 
Pyrococcus_ST04_uid167261 Archaea 
Pyrococcus_yayanosii_CH1_uid68281 Archaea 
Pyrolobus_fumarii_1A_uid73415 Archaea 
Staphylothermus_hellenicus_DSM_12710_uid45893 Archaea 
Staphylothermus_marinus_F1_uid58719 Archaea 
Sulfolobus_acidocaldarius_DSM_639_uid58379 Archaea 
Sulfolobus_acidocaldarius_N8_uid189027 Archaea 
Sulfolobus_acidocaldarius_Ron12_I_uid189028 Archaea 
Sulfolobus_islandicus_HVE10_4_uid162067 Archaea 
Sulfolobus_islandicus_L_D_8_5_uid43679 Archaea 
Sulfolobus_islandicus_L_S_2_15_uid58871 Archaea 
Sulfolobus_islandicus_M_14_25_uid58849 Archaea 
Sulfolobus_islandicus_M_16_27_uid58851 Archaea 
Sulfolobus_islandicus_M_16_4_uid58841 Archaea 
Sulfolobus_islandicus_REY15A_uid162071 Archaea 
Sulfolobus_islandicus_Y_G_57_14_uid58923 Archaea 
Sulfolobus_islandicus_Y_N_15_51_uid58825 Archaea 
Sulfolobus_solfataricus_98_2_uid167998 Archaea 
Sulfolobus_solfataricus_P2_uid57721 Archaea 
Sulfolobus_tokodaii_7_uid57807 Archaea 
Thermococcus_4557_uid70841 Archaea 
Thermococcus_AM4_uid54735 Archaea 
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Thermococcus_barophilus_MP_uid54733 Archaea 
Thermococcus_CL1_uid168259 Archaea 
Thermococcus_gammatolerans_EJ3_uid59389 Archaea 
Thermococcus_kodakarensis_KOD1_uid58225 Archaea 
Thermococcus_onnurineus_NA1_uid59043 Archaea 
Thermococcus_sibiricus_MM_739_uid59399 Archaea 
Thermofilum_pendens_Hrk_5_uid58563 Archaea 
Thermogladius_1633_uid167488 Archaea 
Thermoplasma_acidophilum_DSM_1728_uid61573 Archaea 
Thermoplasma_volcanium_GSS1_uid57751 Archaea 
Thermoproteus_tenax_Kra_1_uid74443 Archaea 
Thermoproteus_uzoniensis_768_20_uid65089 Archaea 
Thermosphaera_aggregans_DSM_11486_uid48993 Archaea 
Vulcanisaeta_distributa_DSM_14429_uid52827 Archaea 
Vulcanisaeta_moutnovskia_768_28_uid63631 Archaea 
Acidobacterium_capsulatum_ATCC_51196_uid59127 Bacteria 
Acidobacterium_MP5ACTX9_uid50551 Bacteria 
Acidothermus_cellulolyticus_11B_uid58501 Bacteria 
alpha_proteobacterium_HIMB5_uid175779 Bacteria 
alpha_proteobacterium_HIMB59_uid175778 Bacteria 
Anaplasma_centrale_Israel_uid42155 Bacteria 
Anaplasma_marginale_Florida_uid58577 Bacteria 
Anaplasma_marginale_Maries_uid57629 Bacteria 
Anaplasma_phagocytophilum_HZ_uid57951 Bacteria 
Atopobium_parvulum_DSM_20469_uid59195 Bacteria 
Blattabacterium__Blaberus_giganteus__uid165873 Bacteria 
Blattabacterium__Blatta_orientalis__Tarazona_uid188115 Bacteria 
Blattabacterium__Blattella_germanica__Bge_uid41533 Bacteria 
Blattabacterium__Cryptocercus_punctulatus__Cpu_uid81083 Bacteria 
Blattabacterium__Mastotermes_darwiniensis__MADAR_uid77127 Bacteria 
Blattabacterium__Periplaneta_americana__BPLAN_uid41287 Bacteria 
Borrelia_afzelii_HLJ01_uid177930 Bacteria 
Borrelia_afzelii_PKo_uid159867 Bacteria 
Borrelia_bissettii_DN127_uid71231 Bacteria 
Borrelia_burgdorferi_B31_uid57581 Bacteria 
Borrelia_burgdorferi_JD1_uid161197 Bacteria 
Borrelia_burgdorferi_N40_uid161241 Bacteria 
Borrelia_burgdorferi_ZS7_uid59429 Bacteria 
Borrelia_crocidurae_Achema_uid162335 Bacteria 
Borrelia_duttonii_Ly_uid58791 Bacteria 
Borrelia_garinii_BgVir_uid162165 Bacteria 
Borrelia_garinii_NMJW1_uid177081 Bacteria 
Borrelia_garinii_PBi_uid58125 Bacteria 
Borrelia_hermsii_DAH_uid59225 Bacteria 
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Borrelia_recurrentis_A1_uid58793 Bacteria 
Borrelia_turicatae_91E135_uid58311 Bacteria 
Brachyspira_hyodysenteriae_WA1_uid59291 Bacteria 
Brachyspira_intermedia_PWS_A_uid158369 Bacteria 
Brachyspira_murdochii_DSM_12563_uid48819 Bacteria 
Brachyspira_pilosicoli_95_1000_uid50609 Bacteria 
Brachyspira_pilosicoli_B2904_uid175255 Bacteria 
Brachyspira_pilosicoli_P43_6_78_uid184077 Bacteria 
Brachyspira_pilosicoli_WesB_uid175256 Bacteria 
Bradyrhizobium_japonicum_USDA_110_uid57599 Bacteria 
Bradyrhizobium_S23321_uid158167 Bacteria 
Buchnera_aphidicola__Cinara_tujafilina__uid68101 Bacteria 
Buchnera_aphidicola_5A__Acyrthosiphon_pisum__uid59285 Bacteria 
Buchnera_aphidicola_Ak__Acyrthosiphon_kondoi__uid158533 Bacteria 
Buchnera_aphidicola_APS__Acyrthosiphon_pisum__uid57805 Bacteria 
Buchnera_aphidicola_Bp__Baizongia_pistaciae__uid57827 Bacteria 
Buchnera_aphidicola_Cc__Cinara_cedri__uid58579 Bacteria 
Buchnera_aphidicola_JF98__Acyrthosiphon_pisum__uid158845 Bacteria 
Buchnera_aphidicola_JF99__Acyrthosiphon_pisum__uid158847 Bacteria 
Buchnera_aphidicola_LL01__Acyrthosiphon_pisum__uid158843 Bacteria 
Buchnera_aphidicola_Sg__Schizaphis_graminum__uid57913 Bacteria 
Buchnera_aphidicola_TLW03__Acyrthosiphon_pisum__uid158849 Bacteria 
Buchnera_aphidicola_Tuc7__Acyrthosiphon_pisum__uid59283 Bacteria 
Buchnera_aphidicola_Ua__Uroleucon_ambrosiae__uid158535 Bacteria 
Caldisericum_exile_AZM16c01_uid158173 Bacteria 
Candidatus_Amoebophilus_asiaticus_5a2_uid58963 Bacteria 
Candidatus_Blochmannia_chromaiodes_640_uid185308 Bacteria 
Candidatus_Blochmannia_floridanus_uid57999 Bacteria 
Candidatus_Blochmannia_pennsylvanicus_BPEN_uid58329 Bacteria 
Candidatus_Blochmannia_vafer_BVAF_uid62083 Bacteria 
Candidatus_Carsonella_ruddii_CE_isolate_Thao2000_uid172732 Bacteria 
Candidatus_Carsonella_ruddii_CS_isolate_Thao2000_uid172733 Bacteria 
Candidatus_Carsonella_ruddii_HC_isolate_Thao2000_uid172734 Bacteria 
Candidatus_Carsonella_ruddii_HT_isolate_Thao2000_uid172735 Bacteria 
Candidatus_Carsonella_ruddii_PC_isolate_NHV_uid172736 Bacteria 
Candidatus_Carsonella_ruddii_uid58773 Bacteria 
Candidatus_Chloracidobacterium_thermophilum_B_uid73587 Bacteria 
Candidatus_Hodgkinia_cicadicola_Dsem_uid59311 Bacteria 
Candidatus_Koribacter_versatilis_Ellin345_uid58479 Bacteria 
Candidatus_Methylomirabilis_oxyfera_uid161981 Bacteria 
Candidatus_Midichloria_mitochondrii_IricVA_uid68687 Bacteria 
Candidatus_Moranella_endobia_PCIT_uid68739 Bacteria 
Candidatus_Mycoplasma_haemolamae_Purdue_uid171259 Bacteria 
Candidatus_Nitrospira_defluvii_uid51175 Bacteria 
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Candidatus_Pelagibacter_IMCC9063_uid66305 Bacteria 
Candidatus_Pelagibacter_ubique_HTCC1062_uid58401 Bacteria 
Candidatus_Portiera_aleyrodidarum_BT_B_uid173859 Bacteria 
Candidatus_Portiera_aleyrodidarum_BT_B_uid176373 Bacteria 
Candidatus_Portiera_aleyrodidarum_BT_QVLC_uid175570 Bacteria 
Candidatus_Portiera_aleyrodidarum_BT_QVLC_uid176374 Bacteria 
Candidatus_Puniceispirillum_marinum_IMCC1322_uid47081 Bacteria 
Candidatus_Rickettsia_amblyommii_GAT_30V_uid156845 Bacteria 
Candidatus_Ruthia_magnifica_Cm__Calyptogena_magnifica__uid58645 Bacteria 
Candidatus_Sulcia_muelleri_CARI_uid52535 Bacteria 
Candidatus_Sulcia_muelleri_DMIN_uid47075 Bacteria 
Candidatus_Sulcia_muelleri_GWSS_uid58943 Bacteria 
Candidatus_Sulcia_muelleri_SMDSEM_uid59393 Bacteria 
Candidatus_Uzinura_diaspidicola_ASNER_uid186740 Bacteria 
Candidatus_Vesicomyosocius_okutanii_HA_uid59427 Bacteria 
Candidatus_Zinderia_insecticola_CARI_uid52459 Bacteria 
Cardinium_endosymbiont_cEper1_of_Encarsia_pergandiella_uid175524 Bacteria 
Chlamydia_psittaci_01DC12_uid179070 Bacteria 
Chlamydia_psittaci_84_55_uid175571 Bacteria 
Chlamydia_psittaci_GR9_uid175572 Bacteria 
Chlamydia_psittaci_M56_uid175576 Bacteria 
Chlamydia_psittaci_MN_uid175573 Bacteria 
Chlamydia_psittaci_VS225_uid175574 Bacteria 
Chlamydia_psittaci_WC_uid175577 Bacteria 
Chlamydia_psittaci_WS_RT_E30_uid175575 Bacteria 
Chlamydophila_abortus_S26_3_uid57963 Bacteria 
Chlamydophila_caviae_GPIC_uid57783 Bacteria 
Chlamydophila_felis_Fe_C_56_uid57971 Bacteria 
Chlamydophila_pecorum_E58_uid66295 Bacteria 
Chlamydophila_pneumoniae_AR39_uid57809 Bacteria 
Chlamydophila_pneumoniae_CWL029_uid57811 Bacteria 
Chlamydophila_pneumoniae_J138_uid57829 Bacteria 
Chlamydophila_pneumoniae_LPCoLN_uid159529 Bacteria 
Chlamydophila_pneumoniae_TW_183_uid57997 Bacteria 
Chlamydophila_psittaci_01DC11_uid159527 Bacteria 
Chlamydophila_psittaci_02DC15_uid159521 Bacteria 
Chlamydophila_psittaci_08DC60_uid159525 Bacteria 
Chlamydophila_psittaci_6BC_uid159845 Bacteria 
Chlamydophila_psittaci_6BC_uid63621 Bacteria 
Chlamydophila_psittaci_C19_98_uid159523 Bacteria 
Chlamydophila_psittaci_CP3_uid175578 Bacteria 
Chlamydophila_psittaci_Mat116_uid189026 Bacteria 
Chlamydophila_psittaci_NJ1_uid175579 Bacteria 
Chlorobium_chlorochromatii_CaD3_uid58375 Bacteria 
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Chlorobium_phaeovibrioides_DSM_265_uid58129 Bacteria 
Chloroherpeton_thalassium_ATCC_35110_uid59187 Bacteria 
Conexibacter_woesei_DSM_14684_uid43467 Bacteria 
Coxiella_burnetii_CbuG_Q212_uid58893 Bacteria 
Coxiella_burnetii_CbuK_Q154_uid58895 Bacteria 
Coxiella_burnetii_Dugway_5J108_111_uid58629 Bacteria 
Coxiella_burnetii_RSA_331_uid58637 Bacteria 
Coxiella_burnetii_RSA_493_uid57631 Bacteria 
Cycloclasticus_P1_uid176368 Bacteria 
Dehalococcoides_BAV1_uid58477 Bacteria 
Dehalococcoides_CBDB1_uid58413 Bacteria 
Dehalococcoides_ethenogenes_195_uid57763 Bacteria 
Dehalococcoides_GT_uid42115 Bacteria 
Dehalococcoides_VS_uid42393 Bacteria 
Dehalogenimonas_lykanthroporepellens_BL_DC_9_uid48131 Bacteria 
Desulfarculus_baarsii_DSM_2075_uid51371 Bacteria 
Desulfobacca_acetoxidans_DSM_11109_uid65785 Bacteria 
Desulfococcus_oleovorans_Hxd3_uid58777 Bacteria 
Desulfomonile_tiedjei_DSM_6799_uid168320 Bacteria 
Ehrlichia_canis_Jake_uid58071 Bacteria 
Ehrlichia_chaffeensis_Arkansas_uid57933 Bacteria 
Ehrlichia_ruminantium_Gardel_uid58245 Bacteria 
Ehrlichia_ruminantium_Welgevonden_uid58013 Bacteria 
Ehrlichia_ruminantium_Welgevonden_uid58243 Bacteria 
Elusimicrobium_minutum_Pei191_uid58949 Bacteria 
Erythrobacter_litoralis_HTCC2594_uid58299 Bacteria 
Francisella_noatunensis_orientalis_Toba_04_uid164779 Bacteria 
Gemmatimonas_aurantiaca_T_27_uid58813 Bacteria 
Gloeobacter_violaceus_PCC_7421_uid58011 Bacteria 
Granulicella_mallensis_MP5ACTX8_uid49957 Bacteria 
Helicobacter_hepaticus_ATCC_51449_uid57737 Bacteria 
Helicobacter_pylori_2017_uid161151 Bacteria 
Helicobacter_pylori_2018_uid161159 Bacteria 
Helicobacter_pylori_908_uid159985 Bacteria 
Hydrogenobacter_thermophilus_TK_6_uid159875 Bacteria 
Hydrogenobacter_thermophilus_TK_6_uid45927 Bacteria 
Hyphomicrobium_denitrificans_ATCC_51888_uid50325 Bacteria 
Hyphomicrobium_MC1_uid68453 Bacteria 
Hyphomonas_neptunium_ATCC_15444_uid58433 Bacteria 
Ignavibacterium_album_JCM_16511_uid162097 Bacteria 
Jannaschia_CCS1_uid58147 Bacteria 
Leifsonia_xyli_CTCB07_uid57759 Bacteria 
Melioribacter_roseus_P3M_uid170941 Bacteria 
Methylacidiphilum_infernorum_V4_uid59161 Bacteria 
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Methylibium_petroleiphilum_PM1_uid58085 Bacteria 
Methylocystis_SC2_uid174072 Bacteria 
Micavibrio_aeruginosavorus_ARL_13_uid73585 Bacteria 
Microlunatus_phosphovorus_NM_1_uid68055 Bacteria 
Moorella_thermoacetica_ATCC_39073_uid58051 Bacteria 
Mycobacterium_abscessus_ATCC_19977_uid61613 Bacteria 
Mycobacterium_africanum_GM041182_uid68839 Bacteria 
Mycobacterium_avium_104_uid57693 Bacteria 
Mycobacterium_avium_paratuberculosis_K_10_uid57699 Bacteria 
Mycobacterium_bovis_AF2122_97_uid57695 Bacteria 
Mycobacterium_bovis_BCG_Korea_1168P_uid189029 Bacteria 
Mycobacterium_bovis_BCG_Mexico_uid86889 Bacteria 
Mycobacterium_bovis_BCG_Pasteur_1173P2_uid58781 Bacteria 
Mycobacterium_bovis_BCG_Tokyo_172_uid59281 Bacteria 
Mycobacterium_canettii_CIPT_140010059_uid70731 Bacteria 
Mycobacterium_canettii_CIPT_140060008_uid184829 Bacteria 
Mycobacterium_canettii_CIPT_140070008_uid184832 Bacteria 
Mycobacterium_canettii_CIPT_140070010_uid184828 Bacteria 
Mycobacterium_canettii_CIPT_140070017_uid184830 Bacteria 
Mycobacterium_indicus_pranii_MTCC_9506_uid175523 Bacteria 
Mycobacterium_intracellulare_ATCC_13950_uid167994 Bacteria 
Mycobacterium_intracellulare_MOTT_02_uid89387 Bacteria 
Mycobacterium_intracellulare_MOTT_64_uid89385 Bacteria 
Mycobacterium_leprae_Br4923_uid59293 Bacteria 
Mycobacterium_leprae_TN_uid57697 Bacteria 
Mycobacterium_liflandii_128FXT_uid59005 Bacteria 
Mycobacterium_marinum_M_uid59423 Bacteria 
Mycobacterium_massiliense_GO_06_uid170732 Bacteria 
Mycobacterium_MOTT36Y_uid164001 Bacteria 
Mycobacterium_tuberculosis_CCDC5079_uid161943 Bacteria 
Mycobacterium_tuberculosis_CCDC5180_uid161941 Bacteria 
Mycobacterium_tuberculosis_CDC1551_uid57775 Bacteria 
Mycobacterium_tuberculosis_CTRI_2_uid161997 Bacteria 
Mycobacterium_tuberculosis_F11_uid58417 Bacteria 
Mycobacterium_tuberculosis_H37Ra_uid58853 Bacteria 
Mycobacterium_tuberculosis_H37Rv_uid170532 Bacteria 
Mycobacterium_tuberculosis_H37Rv_uid57777 Bacteria 
Mycobacterium_tuberculosis_KZN_1435_uid59069 Bacteria 
Mycobacterium_tuberculosis_KZN_4207_uid83619 Bacteria 
Mycobacterium_tuberculosis_KZN_605_uid54947 Bacteria 
Mycobacterium_tuberculosis_RGTB327_uid157907 Bacteria 
Mycobacterium_tuberculosis_RGTB423_uid162179 Bacteria 
Mycobacterium_tuberculosis_UT205_uid162183 Bacteria 
Mycobacterium_ulcerans_Agy99_uid62939 Bacteria 
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Name Domain 

Mycoplasma_arthritidis_158L3_1_uid58005 Bacteria 
Mycoplasma_bovis_Hubei_1_uid68691 Bacteria 
Mycoplasma_conjunctivae_HRC_581_uid59325 Bacteria 
Mycoplasma_genitalium_G37_uid57707 Bacteria 
Mycoplasma_genitalium_M2288_uid173372 Bacteria 
Mycoplasma_genitalium_M2321_uid173373 Bacteria 
Mycoplasma_genitalium_M6282_uid173371 Bacteria 
Mycoplasma_genitalium_M6320_uid173370 Bacteria 
Mycoplasma_haemocanis_Illinois_uid82367 Bacteria 
Mycoplasma_haemofelis_Langford_1_uid62461 Bacteria 
Mycoplasma_haemofelis_Ohio2_uid162029 Bacteria 
Mycoplasma_hyopneumoniae_168_uid162053 Bacteria 
Mycoplasma_hyopneumoniae_232_uid58205 Bacteria 
Mycoplasma_hyopneumoniae_7448_uid58039 Bacteria 
Mycoplasma_hyopneumoniae_J_uid58059 Bacteria 
Mycoplasma_hyorhinis_GDL_1_uid87003 Bacteria 
Mycoplasma_hyorhinis_HUB_1_uid51695 Bacteria 
Mycoplasma_hyorhinis_MCLD_uid162087 Bacteria 
Mycoplasma_hyorhinis_SK76_uid181997 Bacteria 
Mycoplasma_mobile_163K_uid58077 Bacteria 
Mycoplasma_penetrans_HF_2_uid57729 Bacteria 
Mycoplasma_pneumoniae_309_uid85495 Bacteria 
Mycoplasma_pneumoniae_FH_uid162027 Bacteria 
Mycoplasma_pneumoniae_M129_uid57709 Bacteria 
Mycoplasma_pulmonis_UAB_CTIP_uid61569 Bacteria 
Mycoplasma_suis_Illinois_uid61897 Bacteria 
Mycoplasma_suis_KI3806_uid63665 Bacteria 
Mycoplasma_wenyonii_Massachusetts_uid170731 Bacteria 
Neorickettsia_risticii_Illinois_uid58889 Bacteria 
Neorickettsia_sennetsu_Miyayama_uid57965 Bacteria 
Nitrobacter_hamburgensis_X14_uid58293 Bacteria 
Nitrobacter_winogradskyi_Nb_255_uid58295 Bacteria 
Nitrosomonas_AL212_uid55727 Bacteria 
Nitrosomonas_europaea_ATCC_19718_uid57647 Bacteria 
Nitrosomonas_eutropha_C91_uid58363 Bacteria 
Nitrosomonas_Is79A3_uid68745 Bacteria 
Nitrosospira_multiformis_ATCC_25196_uid58361 Bacteria 
Oligotropha_carboxidovorans_OM4_uid162135 Bacteria 
Oligotropha_carboxidovorans_OM5_uid59155 Bacteria 
Oligotropha_carboxidovorans_OM5_uid72795 Bacteria 
Olsenella_uli_DSM_7084_uid51367 Bacteria 
Opitutus_terrae_PB90_1_uid58965 Bacteria 
Orientia_tsutsugamushi_Boryong_uid61621 Bacteria 
Orientia_tsutsugamushi_Ikeda_uid58869 Bacteria 
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Name Domain 

Parvibaculum_lavamentivorans_DS_1_uid58739 Bacteria 
Parvularcula_bermudensis_HTCC2503_uid51641 Bacteria 
Phenylobacterium_zucineum_HLK1_uid58959 Bacteria 
Phycisphaera_mikurensis_NBRC_102666_uid157331 Bacteria 
Pirellula_staleyi_DSM_6068_uid43209 Bacteria 
Polaromonas_JS666_uid58207 Bacteria 
Polynucleobacter_necessarius_asymbioticus_QLW_P1DMWA_1_uid58611 Bacteria 
Polynucleobacter_necessarius_STIR1_uid58967 Bacteria 
Prochlorococcus_marinus_AS9601_uid58307 Bacteria 
Prochlorococcus_marinus_CCMP1375_uid57995 Bacteria 
Prochlorococcus_marinus_MIT_9211_uid58309 Bacteria 
Prochlorococcus_marinus_MIT_9215_uid58819 Bacteria 
Prochlorococcus_marinus_MIT_9301_uid58437 Bacteria 
Prochlorococcus_marinus_MIT_9312_uid58357 Bacteria 
Prochlorococcus_marinus_MIT_9515_uid58313 Bacteria 
Prochlorococcus_marinus_NATL1A_uid58423 Bacteria 
Prochlorococcus_marinus_NATL2A_uid58359 Bacteria 
Prochlorococcus_marinus_pastoris_CCMP1986_uid57761 Bacteria 
Prosthecochloris_aestuarii_DSM_271_uid58151 Bacteria 
Pseudoxanthomonas_spadix_BD_a59_uid75113 Bacteria 
Ramlibacter_tataouinensis_TTB310_uid68279 Bacteria 
Rhodopirellula_baltica_SH_1_uid61589 Bacteria 
Rhodopseudomonas_palustris_HaA2_uid58439 Bacteria 
Rhodothermus_marinus_DSM_4252_uid41729 Bacteria 
Rhodothermus_marinus_SG0_5JP17_172_uid72767 Bacteria 
Rickettsia_africae_ESF_5_uid58799 Bacteria 
Rickettsia_akari_Hartford_uid58161 Bacteria 
Rickettsia_australis_Cutlack_uid158039 Bacteria 
Rickettsia_bellii_OSU_85_389_uid58681 Bacteria 
Rickettsia_bellii_RML369_C_uid58405 Bacteria 
Rickettsia_canadensis_CA410_uid88063 Bacteria 
Rickettsia_canadensis_McKiel_uid58159 Bacteria 
Rickettsia_conorii_Malish_7_uid57633 Bacteria 
Rickettsia_felis_URRWXCal2_uid58331 Bacteria 
Rickettsia_heilongjiangensis_054_uid70839 Bacteria 
Rickettsia_japonica_YH_uid73963 Bacteria 
Rickettsia_massiliae_AZT80_uid86751 Bacteria 
Rickettsia_massiliae_MTU5_uid58801 Bacteria 
Rickettsia_montanensis_OSU_85_930_uid158043 Bacteria 
Rickettsia_parkeri_Portsmouth_uid158045 Bacteria 
Rickettsia_peacockii_Rustic_uid59301 Bacteria 
Rickettsia_philipii_364D_uid89383 Bacteria 
Rickettsia_prowazekii_BuV67_CWPP_uid158063 Bacteria 
Rickettsia_prowazekii_Chernikova_uid158053 Bacteria 
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Name Domain 

Rickettsia_prowazekii_Dachau_uid158057 Bacteria 
Rickettsia_prowazekii_GvV257_uid158051 Bacteria 
Rickettsia_prowazekii_Katsinyian_uid158055 Bacteria 
Rickettsia_prowazekii_Madrid_E_uid61565 Bacteria 
Rickettsia_prowazekii_Rp22_uid161945 Bacteria 
Rickettsia_prowazekii_RpGvF24_uid158065 Bacteria 
Rickettsia_rhipicephali_3_7_female6_CWPP_uid156977 Bacteria 
Rickettsia_rickettsii__Sheila_Smith__uid58027 Bacteria 
Rickettsia_rickettsii_Arizona_uid86655 Bacteria 
Rickettsia_rickettsii_Brazil_uid88069 Bacteria 
Rickettsia_rickettsii_Colombia_uid86653 Bacteria 
Rickettsia_rickettsii_Hauke_uid86659 Bacteria 
Rickettsia_rickettsii_Hino_uid86657 Bacteria 
Rickettsia_rickettsii_Hlp_2_uid88067 Bacteria 
Rickettsia_rickettsii_Iowa_uid58961 Bacteria 
Rickettsia_slovaca_13_B_uid82369 Bacteria 
Rickettsia_slovaca_D_CWPP_uid158159 Bacteria 
Rickettsia_typhi_B9991CWPP_uid158357 Bacteria 
Rickettsia_typhi_TH1527_uid158161 Bacteria 
Rickettsia_typhi_Wilmington_uid58063 Bacteria 
Roseobacter_denitrificans_OCh_114_uid58597 Bacteria 
Roseobacter_litoralis_Och_149_uid54719 Bacteria 
Rubrobacter_xylanophilus_DSM_9941_uid58057 Bacteria 
Salinibacter_ruber_DSM_13855_uid58513 Bacteria 
Salinibacter_ruber_M8_uid47323 Bacteria 
Salmonella_enterica_serovar_Weltevreden_2007_60_3289_1_uid178014 Bacteria 
secondary_endosymbiont_of_Ctenarytaina_eucalypti_uid172737 Bacteria 
secondary_endosymbiont_of_Heteropsylla_cubana_Thao2000_uid172738 Bacteria 
Segniliparus_rotundus_DSM_44985_uid49049 Bacteria 
Serratia_symbiotica__Cinara_cedri__uid82363 Bacteria 
Simkania_negevensis_Z_uid68451 Bacteria 
Sphingopyxis_alaskensis_RB2256_uid58351 Bacteria 
Starkeya_novella_DSM_506_uid48815 Bacteria 
Streptococcus_pseudopneumoniae_IS7493_uid71153 Bacteria 
Synechococcus_PCC_6312_uid182934 Bacteria 
Synechococcus_RCC307_uid61609 Bacteria 
Syntrophus_aciditrophicus_SB_uid58539 Bacteria 
Terriglobus_saanensis_SP1PR4_uid53251 Bacteria 
Thalassobaculum_L2_uid182483 Bacteria 
Thermocrinis_albus_DSM_14484_uid46231 Bacteria 
Thermodesulfobacterium_OPB45_uid68283 Bacteria 
Thermodesulfovibrio_yellowstonii_DSM_11347_uid59257 Bacteria 
Thermosynechococcus_elongatus_BP_1_uid57907 Bacteria 
Thermotoga_lettingae_TMO_uid58419 Bacteria 
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Name Domain 

Thermotoga_maritima_MSB8_uid57723 Bacteria 
Thermotoga_naphthophila_RKU_10_uid42777 Bacteria 
Thermotoga_neapolitana_DSM_4359_uid59065 Bacteria 
Thermotoga_petrophila_RKU_1_uid58655 Bacteria 
Thermotoga_RQ2_uid58935 Bacteria 
Thermotoga_thermarum_DSM_5069_uid68449 Bacteria 
Thioalkalivibrio_K90mix_uid46181 Bacteria 
Thioalkalivibrio_nitratireducens_DSM_14787_uid184011 Bacteria 
Thioalkalivibrio_sulfidophilus_HL_EbGr7_uid59179 Bacteria 
Thiomonas_3As_uid178369 Bacteria 
Thiomonas_intermedia_K12_uid48825 Bacteria 
Tropheryma_whipplei_TW08_27_uid57961 Bacteria 
Tropheryma_whipplei_Twist_uid57705 Bacteria 
uncultured_Termite_group_1_bacterium_phylotype_Rs_D17_uid59059 Bacteria 
Wolbachia_endosymbiont_of_Culex_quinquefasciatus_Pel_uid61645 Bacteria 
Wolbachia_endosymbiont_of_Drosophila_melanogaster_uid57851 Bacteria 
Wolbachia_endosymbiont_of_Onchocerca_ochengi_uid171829 Bacteria 
Wolbachia_endosymbiont_TRS_of_Brugia_malayi_uid58107 Bacteria 
Wolbachia_wRi_uid59371 Bacteria 

 


