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Abstract 
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Since the genomic sequence began to be produced in large quantities, 

research and efforts have been made to explain the evidence of adaptive 

evolution in the genomic sequence. Through RNA-seq, which identifies 

where transcript is located on the genome from gene expression data, it is 

possible to study the dosage compensation, which refers to the inactivation or 

upregulation of a specific sex chromosomal genes due to differences in 

composition of the sex chromosome. When looking at the sex chromosome 
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dosage compensation observed in mammals, gene expression shows in 

slightly different profiles through dosage compensation in the X chromosome 

by tissues. And genes that are functionally associated with other proteins and 

require a uniform rate of expression between associated genes, may maintain 

a similar amount of expression in the X chromosome to autosomes. There are 

also XCI escape genes in the pseudo-autosomal region that exist both in the 

X and Y chromosome, as autosomal genes, so that they do not differ from 

autosomal genes to the amount of expression. In Chapter 2 we examined and 

compared the aspects of sex chromosome dosage compensation in both male 

and female, which had been reported in humans and other species, appeared 

in cows using genome sequence information and gene expression data. 

In addition, the non-synonymous substitution of the protein-coding 

genes in the genome has a significant effect on the phenotype of the organism, 

so it is analyzed relative to the rate at which the synonymous (silent) 

substitution occurred, and the ratio means a selective pressure on the gene 

leading to functional change. The dN/dS ratio method, a method that explains 

directional evolution, neutral evolution, and purifying evolution of protein-

coding genes, has been proposed and widely used. In Chapter 3 we analyzed 

dN/dS ratio using protein-coding genes of pufferfish that have 1:1 

orthologous relationship with other fish genes, which has not yet been 
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sufficiently studied in the evolutionary viewpoint. Based on the results, the 

positive selection of genes was discussed with the control mechanisms of 

neurotoxins called tetrodotoxin, which are the unique phenotypes of 

pufferfish. In addition, the result showed the accelerated evolution of protein-

coding genes in pufferfish after species differentiation through the high dN/dS 

ratio distribution of the genes. 

Meanwhile, in the bacterial genome, there is a set of genes that are 

expressed simultaneously, called an operon. The three ribosomal RNAs of 

bacteria also comprise an operon like other functionally related genes 

generally. Based on the complete bacterial genomes and their symbiotic 

genomic characteristics, Chapter 4 demonstrated that ecological adaptation of 

certain symbiotic bacteria may result to the disruption of ribosomal RNA 

operon with the reduction of metabolic and transcription-regulating genes and 

certain RNases. The result suggested that not only copy number variation of 

rRNA operon sensitively responds to the bacterial lifestyle, but also structural 

modification can strongly reflect adaptation to the surrounding environmental 

condition. 

 

Keywords  : Adaptive genomic evolution, Sex chromosomal dosage 

compensation, Non-synonymous substitution, Protein-coding gene, Bacterial 
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1.1. The adaptive evolution in the chromosome 

structure 

1.1.1. Dosage compensation of the X chromosome 

Sex chromosomes are composed of X and Y chromosome in eutherian 

mammals. Different chromosomes have been derived from an autosome pair, 

but the size and gene contents of the Y chromosome are clearly smaller than 

those of the X chromosome. The difference between the female and male, 

resulting from the fundamental different configuration of XX and XY, induces 

the gene expression imbalance. Therefore, three general dosage compensation 

of X chromosomal genes have evolved to avoid problems in the control 

mechanism based on the balanced gene expression manner (Brockdorff and 

Turner 2015). The first is a twofold up-regulation of X-linked gene expression 

in males, and the second is a twofold down-regulation of X-linked genes in 

females. The last mechanism of dosage compensation is the complete 

inactivation of one X chromosome in females. In mammals, both the first and 

the last dosage compensation mechanisms seem to be adopted. 

For achieving dosage compensation, various control mechanisms have 

evolved in mammals. In eutherians, X-chromosome inactivation (XCI) 

randomly affects the paternal or maternal X chromosome during early 

development (Heard and Disteche 2006). The X-inactivation center (Xic) 
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controls XCI initiation by producing the noncoding Xist transcript, which 

triggers silencing in cis. Imprinted XCI is shown in the paternal X 

chromosome inactivation in marsupials and the extraembryonic tissues of 

rodents. 

There are exceptional genes from X chromosome inactivation, which are 

shared between X and Y chromosome. The shared region is called pseudo-

autosomal region (PAR). In humans, it is known that PAR region cover 2.6 

and 0.4 Mbp in length of the X and Y chromosome respectively, and genes of 

PAR regions are predicted to escape X chromosome inactivation (Rappold 

1993). 

1.1.2. Dosage compensation of the X chromosome in mammals 

The differential expression of X chromosomal genes and XCI are studied 

in detailed in some species, such as marsupials, rodents and primates. From 

the microarray assay in undifferentiated female and male mouse ES cells, X 

chromosomal genes showed global up-regulation expression relative to 

autosomes (Lin 2007). X chromosome is globally up-regulated in marsupials, 

on the other hand a global up-regulation is not shown in placental mammals 

(Julien, Brawand et al. 2012). And in the same study, a subset of autosomal 

genes related to X chromosomal genes also showed down-regulated 

expression in placental mammals. 
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In humans, X chromosome inactivation is well characterized than other 

mammal species. XCI in humans is incomplete that up to one-third of genes 

in the X chromosome are expressed both of X chromosomes in female 

(Tukiainen, Villani et al. 2017). The incomplete inactivation varies between 

genes and individuals. Tukiainen, Villani et al showed that hundreds of genes 

have uniform XCI across human tissues, but at least 23% of X-chromosomal 

genes are under incomplete XCI at the same time, which possibly introduce 

the phenotypic variation. 
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1.2. The adaptive evolution in the protein-coding gene 

of the genome sequence 

1.2.1. The synonymous substitution and the non-synonymous 

substitution of the protein-coding gene 

An exon of protein-coding genes encodes a protein sequence based on a 

unit of three nucleotides called a codon. The genetic codes are identical in 

most of all organisms, therefore a codon table comprising 64 codons was 

organized. An amino acid is encoded by a specified codon or multiple 

degenerate codons such as AAT and AAC encoding an asparagine. 

A synonymous substitution is a substitution in the degenerate site of a 

codon. This substitution is also called a silent substitution, as a modification 

is not happened by the synonymous substitution. On the other hand, a 

substitution that makes a change of an encoded amino acid is called non-

synonymous substitution. 

Based on the difference of synonymous and non-synonymous 

substitutions, a statistical method for detecting molecular adaptation, the 

dN/dS ratio, was proposed (Yang and Bielawski 2000). The dS means the rate 

of substitutions in synonymous sites, and the dN means the rate of 

substitutions in non-synonymous sites. A likelihood calculation using a model 
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of the codon substitution, which sets parameters for transition/transversion 

rate as kappa and nonsynonymous/synonymous rate as omega, is performed 

for estimating a positive selection from nucleotide substitutions. 

The dN/dS ratio has been widely used as a measure of selection in 

diverse species and population. In parasitic bacteria with the sometimes 

dramatic genome shrinkage, relatively weak purifying selection was shown 

through dN/dS estimation, presumably resulting from the small effective 

population sizes and frequent bottlenecks (Novichkov, Wolf et al. 2009). For 

pig protein-coding genes, the observed dN/dS ratio was 0.144, suggesting an 

intermediate purifying selection level between humans and mice (Groenen, 

Archibald et al. 2012). 

1.2.2. The evolution of protein-coding genes in the genome sequence 

Because protein-coding genes was closely related to all functional 

mechanisms of the organism, the evolutionary history was varied through the 

gene function and divergent taxa. In teleost fishes, the occurrence of a whole-

genome duplication event and frequent gene-linkage disruption of genome 

were revealed (Ravi and Venkatesh 2008). The protein-coding genes of teleost 

fishes are evolving faster than mammals, but the evolution is presumably 

irrespective of the genome duplication. In drosophila genome, purifying 

selection on protein-coding genes was observed and the dN/dS rate was 
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negatively correlated with gene expression levels, similar with other 

multicellular organisms (Larracuente, Sackton et al. 2008). Among the 

protein-coding genes of humans, some classes of genes such as transcription 

factors showed excessive rapid evolution, and cytoskeletal proteins showed 

extensive amino acid polymorphism (Bustamante, Fledel-Alon et al. 2005). 
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1.3. The adaptive evolution in the ribosomal RNA of 

bacteria 

1.3.1. rrn operon disruption 

Bacterial rRNA generally forms an operon which comprises 16S, 23S, 

and 5S rRNA (Condon, Philips et al. 1992, Espejo and Plaza 2018), but the 

disruption of the operon has been also observed in certain bacterial genomes. 

In Thermoplasma acidophilum, the distance between 16S and 23S rDNA was 

reported as 7.5 Kb, and the distance between 23S and 5S rDNA was 6 Kb, 

which indicated the disruption of a rrn operon (Tu and Zillig 1982). Buchnera 

aphidicola had 16S rRNA operon separated from 23S rRNA (Munson, 

Baumann et al. 1993), on the other hand, Wolbachia pipientis had 23S-5S 

rDNA operon separated from 16S rRNA(Bensaadi-Merchermek, Salvado et 

al. 1995). A latest research reported rrn operon unlinked in diverse bacterial 

and archaeal taxa (Brewer, Albertsen et al. 2020). The researchers showed 

that unlinked rrn operons were more common than previous expectation in 

many phyla and found rrn operon disruption in soil more frequently than 

human gut. 

1.3.2. rrn operon evolution in bacterial genomes 

For evolutionary studies focused on the rrn operon, the evolution of the 
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operon copy number and the sequential variation was mainly analyzed and 

reported. From 155 bacterial genome analysis, ITS within the rrn operon was 

revealed to undergo the concerted evolution in the rrn gene family (Stewart 

and Cavanaugh 2007). ITS of bacterial genomes showed unique ITS length 

variants and unique sequence variants, and the variations were derived from 

different tRNA gene composition. And ITS was homogenized over relatively 

long sequence tract, independent of the distance between operons. 

From Acinas, Marcelino et al. (2004), up to 15 rrn operons were found 

in bacterial genomes, and 40% of 380 operons were identical to one or more 

other 16S rRNA sequences in the same genome with 38% of fully invariant 

16S rRNAs (Acinas, Marcelino et al. 2004). The variation of the number of 

rrn operon affects two bacterial reproductive factors, growth rate and growth 

efficiency (Roller, Stoddard et al. 2016). In this research, the maximum 

reproductive rate of bacteria positively correlated to rrn copy number, while 

the carbon use efficiency was negatively related to maximal growth rate and 

rrn copy number. 
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2.1. Abstract 

Dosage compensation system with X chromosome upregulation and 

inactivation have evolved to overcome the genetic imbalance between sex 

chromosomes in both male and female of mammals. Although recent 

development of chromosome-wide technologies has allowed us to test X 

upregulation, discrete data processing and analysis methods draw disparate 

conclusions. A series of expression studies revealed status of dosage 

compensation in some species belonging to monotremes, marsupials, rodents 

and primates. However, X upregulation in the Artiodactyla order including 

cattle have not been studied yet. In this study, we surveyed the genome-wide 

transcriptional upregulation in X chromosome in cattle RNA-seq data using 

different gene filtration methods. Overall examination of RNA-seq data 

revealed that X chromosome in the pituitary gland expressed more genes than 

in other peripheral tissues, which was consistent with the previous results 

observed in human and mouse. When analyzed with globally expressed genes, 

a median X:A expression ratio was 0.94. The ratio of 1-to-1 ortholog genes 

between chicken and mammals, however, showed considerable reduction to 

0.68. These results indicate that status of dosage compensation for cattle is 

not deviated from those found in rodents and primate, and this is consistent 

with the evolutionary history of cattle. 
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2.2. Introduction 

Sex chromosome pairs originated from a pair of autosomes. The X and 

Y chromosomes, which are the sex chromosome pair in eutherian mammals, 

diverged from one another through suppression of recombination, causing 

sex-limited Y chromosome deterioration in gene content and activity. The 

decay of the Y chromosome may have resulted in an imbalance in gene dose 

between males and females and between sex chromosomes and autosomes in 

males (Ohno 1967, Bachtrog 2013). According to Ohno’s hypothesis, in order 

to cope with such implications of sex chromosome monosomy, mammals 

have developed dosage compensation mechanisms in two steps: first, doubled 

gene expression in the X chromosome in both sexes; second, inactivation of 

one of the two X chromosomes in the female (Ohno 1967). Due to the lack of 

research on the two-fold increase in the expression of the X chromosome 

before the chromosome-wide analysis technique was developed, the 

previously proposed first step remained theoretical for a long time. Results of 

recent studies using microarray support the idea of X expression doubling in 

both sexes (Gupta 2006, Nguyen and Disteche 2006, Talebizadeh, Simon et 

al. 2006, Lin 2007, Lin, Gupta et al. 2007, Johnston, Lovell et al. 2008). 

However, a study using RNA-seq found no evidence for X upregulation 

(Xiong, Chen et al. 2010). A series of studies followed, with results of some 
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supporting X upregulation and results of other contradicting it (Deng, Hiatt et 

al. 2011, Kharchenko, Xi et al. 2011, Lin, Halsall et al. 2011, Julien, Brawand 

et al. 2012, Lin, Xing et al. 2012, Pessia, Makino et al. 2012, Yildirim, 

Sadreyev et al. 2012).  

The controversy over the status of mammalian X chromosome dosage 

compensation posed the question of how to analyze transcriptome data. In 

fact, the choice of parameters in data analysis has been able to profoundly 

influence the result and thus the conclusion of dosage compensation (Jue, 

Murphy et al. 2013, Mank 2013). Verifying Ohno’s hypothesis strictly, the 

X:A ratio in mammals should concern with ‘old’ genes that existed before the 

origin of the mammalian X, represented by the 1-to-1 orthologs between 

mammals and birds (Xiong, Chen et al. 2010, Lin, Xing et al. 2012). An 

analysis of the actively transcribed genes represented an alternative test for 

dosage compensation (Deng, Hiatt et al. 2011, Kharchenko, Xi et al. 2011). 

Recently arising hypothesis regarding dosage compensation based on gene 

balance hypothesis, which states that the stoichiometry of members of multi 

subunit complexes determines the mode of gene regulation (Birchler, Riddle 

et al. 2005, Birchler and Veitia 2007). In this theory, genes involved in 

regulatory networks, such as transcription factors, are expected to be dosage-

sensitive while many dosage-sensitive genes are predicted to be protein-
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complex genes (Makino and McLysaght 2010). Some researchers suggested 

that changes in gene dosage during sex-chromosome evolution would have 

greater consequences for dosage-sensitive genes, including genes encoding 

for subunits of large protein complexes and genes involved in protein-protein 

interaction networks (Mank 2009, Pessia, Makino et al. 2012, Pessia, 

Engelstadter et al. 2014, Ercan 2015). Data processing and analysis methods 

have yet to be standardized. 

Only a small number of species have been investigated for their dosage 

compensation status. Cumulative evidence has confirmed variability in the 

control of dosage compensation across species. For instance, Caenorhabditis 

elegans implements dosage compensation in the somatic tissue of 

hermaphrodites (XX) by two-fold downregulation of X-linked genes from 

both X chromosomes (Strome, Kelly et al. 2014), while Drosophila 

melanogaster expresses X-linked genes in doubled amount in only males to 

achieve balanced expression with autosomes and to equalize expression with 

females (Gelbart and Kuroda 2009). Studies on other insects such as Teleopsis 

dalmanni (stalk-eyed fly) and Anopheles gambiae (mosquito) have illustrated 

that many insects exhibit complete dosage compensation (Mank 2009). 

However, dosage compensation in Tribolium castanium (red flour beetle) was 

complete in males whereas X-linked genes were overexpressed in females 
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(Prince, Kirkland et al. 2010). Still, only a relatively small number of species 

have been tested for dosage compensation; therefore, it is important to 

investigate cases for more species in nature. 

In mammals, dosage compensation has been intensely assessed for 

several groups of animals. So far the tested species include monotremes 

(platypus), marsupials (opossum), rodents (mouse and rat) and primates 

(human, chimpanzee, bonobo, gorilla, orangutan and rhesus) (Nguyen and 

Disteche 2006, Julien, Brawand et al. 2012). Marsupials diverged from 

eutherian mammals ~167 million years ago (Mya) (TimeTree) (Hedges and 

Kumar 2009, Hedges, Marin et al. 2015) (Fig. 2.1). Marsupials, as represented 

by opossum, were reported to completely compensate X chromosome 

expression (Julien, Brawand et al. 2012). Furthermore, primates and rodents 

were separated by ~90 Mya. In contrast to marsupials, studies on RNA-seq 

data collected from placental mammals exhibited that dosage compensation 

for somatic tissues were complete only for dosage sensitive genes or for 

actively transcribed genes (Deng, Hiatt et al. 2011, Julien, Brawand et al. 

2012, Pessia, Makino et al. 2012). There is approximately 73 Mya of 

knowledge gap in X upregulation between rodents and marsupials. For many 

species falling into this gap, dosage compensation has never been assessed 

and remains to be unknown. Ruminantia branched off the main lineage of 
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eutheria ~97.5 Mya and is one of the animal species evolutionarily positioned 

between marsupials and mammals. As the pattern of X upregulation is unclear 

for eutherians, we surveyed the genome-wide transcriptional upregulation in 

X chromosome in cattle using RNA-seq data. We measured the status of 

upregulation of X-linked genes in cattle by using several available methods, 

which were comparable to the status of dosage compensation in other 

mammals. 
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Figure 2.1. Phylogenetic tree of mammalian evolution. Evolutionary time 

was calculated with TimeTree (Hedges and Kumar 2009; Hedges et al. 2015). 

Numbers indicate the time point of divergence, million years ago.  
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2.3. Materials and Methods 

2.3.1 Animals and sample preparation 

All animal procedures were approved by the National Institute of Animal 

Science Institutional Animal Use and Care Committee (NIASIAUCC), 

Republic of Korea, and performed in accordance with the animal 

experimental guidelines provided by NIASIAUCC. Cattle were obtained 

from the Dae Kwan Ryung experimental branches of the National Institute of 

Animal Science (NIAS). Ten cattle were slaughtered at age of (> 22 months) 

and carcass weight was 353 ± 36 kg after slaughter. Abdominal adipose tissue, 

liver, intact longissimus dorsi muscle, and pituitary gland tissue samples were 

immediately separated after slaughter and stored at -80°C. Total RNA was 

isolated from the four tissues using the TRIzol reagent (Invitrogen) based on 

the manufacturer instructions. Total RNA quality and quantity was verified 

using a NanoCrop1000 spectrophotometer (Thermo Scientific, Wilmington, 

DE, USA) and Bioanalyzer 2100 (Agilent technologies, Palo Alto CA, USA).  

2.3.2 RNA-seq experiments 

The mRNA in 1 µg of total RNA was converted into a library of template 

molecules suitable for subsequent cluster generation using the reagents 

provided in the Illumina ® TruSeq™ RNA Sample Preparation Kit. In 
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summary, mRNA was purified using poly-A selection, then chemically 

fragmented and converted into single-stranded cDNA using random hexamer 

priming. The second strand is then generated to create double-stranded cDNA 

that is ready for TruSeq library construction. The short ds-cDNA fragments 

were then connected with sequencing adapters, and suitable fragments were 

separated by agarose gel electrophoresis. Finally, truseq RNA libraries were 

built by PCR amplification, quantified using qPCR according to the qPCR 

Quantification Protocol Guide, and qualified using the Agilent Technologies 

2100 Bioanalyzer (Agilent technologies, Palo Alto CA, USA). Based on the 

generated RNA libraries, paired-end sequencing (101bp read-length and 

approximately 150 to 180 insert size) was performed using the HiSeq™ 2000 

platform (Illumina, San Diego, USA).  

2.3.3 Estimation of transcription levels 

Transcriptome levels were measured from generated RNA-seq reads 

following a widely used RNA-seq pipeline. First, Trimmomatic (v0.32) 

(Bolger, Lohse et al. 2014) was employed with the following options: PE -

phred33 ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 MINLEN:75 2 in order to 

produce clean reads. Second, clean RNA-seq reads were mapped into the 

BosTau8 genome reference from the USSC database using Bowtie2 (v2.2.2.0) 

(Langmead and Salzberg 2012), implemented in Tophat2 (v2.0.12) (Kim, 
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Pertea et al. 2013), Third, SAMtools (v0.1.18.0) (Li, Handsaker et al. 2009) 

was used to convert BAM files into SAM files. Subsequently, the HTseq 

package (Anders 2010) was employed to estimate mapped read count on each 

of annotated genes from BosTau8 gene transfer format (GTF) file. Finally, 

transcriptome expression levels from 40 samples were obtained. Genes with 

at least 4 reads were used so that a more robust set of transcriptionally active 

genes were included in the analysis. Raw data has been uploaded into the US 

National Center for Biotechnology Information (NCBI) database with the 

accession number: 

GSE65125 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65125) 

2.3.4 Identification of genes in the bovine pseudoautosomal region 

(PAR) 

PAR is a small region of sequence homology between mammalian X and 

Y chromosomes. The PAR resembles autosomes in its inheritance and 

expression, and most of genes in this region escape X inactivation in human 

(Helena Mangs and Morris 2007). In cow, a border for PAR, called 

pseudoautosomal boundary (PAB), and 20 PAR-specific genes have been 

previously identified (Van Laere, Coppieters et al. 2008), (Das, Chowdhary 

et al. 2009). Out of the 20 identified PAR-specific genes, 7 genes were 
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identified in genome reference BosTau8 (UMD3.1.1). Only 4 of genes, ARSE, 

CD99, TBL1X, and PNPLA4, were mapped to X chromosome while the rest 

of genes, CSF2RA, ASMTL, and CRLF2, were mapped to autosomes. 

Another 8 cattle PAR genes were not present in the annotation of UCSC 

UMD3.1.1, but were assigned to expressed transcripts in ENSEMBL 

annotation (UMD 3.1). The genomic location of PAR genes in each base of 

genome data are depicted in Figure 2.2a and Table 2.1. 
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Figure 2.2. Identification of PAR genes and XCI escape candidates. (a) 

Schematic gene map of the distal tip of cattle ChrXq based on genome 

annotation of UCSC UMD3.1.1. The genes in the region including PAR genes 

are listed in order of their relative genomic location. Highlighted with red 

color are 4 PAR-specific genes. (b) Comparison of cattle XCI escape 

candidates with XCI escapees from human and mouse. Cattle genes are 

selected based on the differential expression between male and female. Genes 

shared in at least two species are displayed in the overlapped area of the 

circles. The full lists of the genes are attached in Table 2.2. 
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Table 2.1. Functional genes found in PAR of cattle genome. Genomic 

locations of 20 PAR specific genes (ref) based on cow reference genome 

ENSEMBL UMD3.1 and NCBI. Twelve genes in bold are those mapped in 

the distal tip of ChrXq based in Ensemble annotation. Seven genes with 

asterisk (*) are those found in the UCSC UMD3.1.1. #Log2(FPKM) was 

calculated by computing the base 2 logarithm of average of 8 FPKM values 

in all sexes and tissues. 

Gene Chr: start Gene ID Log2(FPKM)# 

PPP2R3B scaffold ENSBTAG00000046338  

SLC25A6 scaffold ENSBTAG00000047418  

IL3RA X:scaffold NW_003100874.1  

CSF2RA* 3:119457279 ENSBTAG00000045948  

ASMTL* 26:24664881 ENSBTAG00000046514  

CRLF2* 29:50372337 ENSBTAG00000020242  

PRKX X:138715324 ENSBTAG00000014367   

MXRA5 X:138878612 ENSBTAG00000022150  

ARSH X:138986761 ENSBTAG00000047161  

ARSE* X:139018055 ENSBTAG00000014932 0.36 

GYG2 X:140120347 ENSBTAG00000013341  

CD99* X:140188320 ENSBTAG00000008114 6.20 

ZBED1 X:140282268 ENSBTAG00000024641  

GPR143 X:143861798 ENSBTAG00000006472  

TBL1X* X:144430889 ENSBTAT00000024105 5.19 

ANOS1 X:145362862 ENSBTAG00000001049  

PNPLA4* X:146050001 ENSBTAG00000015849  1.23 
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NLGN4 X:147554232 ENSBTAG00000027841  

ARSD Not found Not found  

ARSF Not found Not found  
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Table 2.2. XCI escape genes for mammal species. Human genes are extracted 

from a previous study (Carrel and Willard 2005). For mouse, the list contains 

collective genes from 3 independent studies (Yang, Babak et al. 2010, Calabrese, 

Sun et al. 2012, Wu, Luo et al. 2014). For cattle, DEGs (Table 2.6) between male 

and female are considered as XCI escape candidate genes. 

Human 

ACATE2 CXORF6 GPR143 OATL1 SYTL4 

ARD1 DKC1 GPR34 OPHN1 TBL1X 

ARHGAP4 
DKFZp686O1

267 
GRPR 

PDHA1 

(DNA) 
TCTE1L 

ARMCX3 DLG3 GYG2 PHF16 TIMM17B 

ARSD DNASE1L1 HCFC1 PIGA 
TIMP1 

(DNA) 

ARSE DUSP21 Hs.232417 PIR (DNA) TM4SF2 

ATP6AP1 EBP Hs.374460 PLXNA3 TMLHE 

ATP7A FAM16AX Hs.41434 PLXNB3 UBE1 

ATRX FAM3A Hs.76704 PR48 UBL4 

BEX1 FHL1 HTATSF1 PRPS2 VBP1 

BGN FLJ21174 IDS PRRG1 XIST 

CA5B FLJ31610 IKBKG RBM3 ZFX 

CD99L2 FLJ32783 IRAK1 SEDL ZNF185 

CETN2 FLJ39602 MAOA SEPT6 ZNF261 

CHM FLJ39679 MECP2 SH3BGRL ZNF261 

CHST7 FMR1 (DNA) MPP1 (DNA) 
SMC1L1 

(DNA) 
ZNF41 

CLCN4 FSHPRH1 MSL3L1 SRPX ZNF75 
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CLIC2 G6PD NAP1L3 STS ZXDA 

CXORF12 GPC4 NXT2 SUV39H1  

Mouse 

1810030O08

Rik 
Ddx3x Itm2a Pbdc1 Yipf6 

5530601H04

Rik 
Eif2s3 Jpx Shroom4 Zrsr2 

Ap1s2 Ercc6l Kdm5c ssxb3  

BC022960 F8 kdm6a Taf1  

Bgn Firre Mid1 utp14a  

Car5b Ftx Ogt Xist  

Cattle 

ARR3 DRP2 LOC513911 PSMD10 TLR7 

ASB11 EBP MAGEH1 RAB39B TLR8 

ATP2B3 EIF1AY MAOB RBM3 USP27X 

CA5B EIF2S3 MED12 RENBP USP9Y 

CD99 FIGF MIR3431 SH3KBP1 VSIG4 

CHM GATA1 MOSPD1 SLC6A14 XIAP 

CNKSR2 GPC3 NLGN3 SMARCA1 XIST 

CYBB GRPR OFD1Y SRPX XPNPEP2 

DDX3Y HMGB3 PHEX SUV39H1 ZCCHC12 

DGAT2L6 IL13RA2 PORCN TBL1X ZFX 

DMD KDM6A PRR32 TENM1 ZMYM3 
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2.3.5 Identification of sexually dimorphic gene expression 

A generalized linear model (GLM) can be used on RNA-seq data to 

detect differentially expressed genes (DEGs) by considering gene expression 

as a negative binomial in edgeR (Robinson, McCarthy et al. 2010, Chen, Lun 

et al. 2014). There are two approaches for identification of sexual dimorphic 

genes using RNA-seq data composed of two factors, gender and tissues (Seo, 

Caetano-Anolles et al. 2016). The simplest approach for analysis of this data 

is to perform a two group test between data from female and males in each 

tissue, separately, as has been performed in previous studies (Yang et al. 2006) 

using microarray data. To extend this method in RNA-seq analysis, we 

employed a GLM with only one explanatory variable (gender group variable) 

as shown below. 

log(𝐸(𝑌)) = 𝜇 + 𝐺𝑒𝑛𝑑𝑒𝑟 

For identification of sexual dimorphic genes, we performed a likelihood 

ratio test (LRT) using a full model including the gender term and reduced 

model not including the gender term in each tissue such as liver, fat, muscle, 

and pituitary-gland, respectively. We used the significance cutoff, p < 0.01. 

We expected X-inactive specific transcript (XIST) gene would appear in the 

differentially expressed genes list of cattle. However, the annotation of XIST 

was temporarily removed from the used UCSC UMD3.1. Instead, we applied 
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genome annotation of BosTau7 to the expression data, and checked 

differential expression of XIST between sexes. XIST appeared as one of the 

most differentially expressed genes in all of the examined tissues (Seo, 

Caetano-Anolles et al. 2016). 

2.3.6 Calculation of X:A median expression ratios 

Gene expression levels were measured by fragments per kilobase of 

exon per million fragments mapped (FPKM). Medians of FPKM values of X-

linked and autosomal genes were calculated for each tissue of each individual, 

then the ratio of the two median values from X chromosome and autosome 

was calculated. A mean value of the ratios from five individuals were 

subsequently considered as a representative X:A ratio, and standard error of 

mean (SEM) was used as confidence intervals for each of median X:A ratios. 

There are no fixed standard cut-off points of expression levels for functional 

relevance. In this study, three alternative expression cut-off values were 

applied to calculation of X:A ratio for examination of X:A ratio change 

according to levels of gene expression: X:A ratio with all genes (FPKM ≥ 0), 

with poorly expressed genes (FPKM ≥ 0.1), and with highly expressed genes 

(FPKM ≥ 2). Mouse data (GSE21860 for pancreatic islet, GSE71924 for 

colon and lung, GSE72165 for carotid body and adrenal medullas, and 

GSE71585 for visual cortex) were obtained from the Gene Expression 
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Omnibus (GEO) DataSets database (NCBI) and analyzed with the same 

methods as in cattle RNA-seq data. For mouse X:A ratio of global expression 

without PAR genes, 5 protein-coding genes, Sfrs17a, Asmt, Nlgn4x, Sts, and 

Mid1 were excluded from the analysis (Mueller, Skaletsky et al. 2013, Bellott, 

Hughes et al. 2014). For X;A ratio of orthologs, homologous mouse genes 

were identified from 8240 cattle genes that have homology among chicken, 

cattle, mouse and human. Finally, 7247 genes in pancreatic islet, 7987 in 

colon and lung, 7998 in carotid body and adrenal medullas, and 7709 in visual 

cortex were utilized. Data analyses and plotting were performed using R3.2.1. 
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2.4. Results and Discussion 

2.4.1 Overall examination of RNA-seq data 

Expression levels of X chromosome and autosomes were examined in 

the RNA-seq data of liver, fat, muscle and pituitary gland from five male and 

five female cattle. RNA-seq reads were filtered out using Trimmomatic 

(Bolger, Lohse et al. 2014), producing 98.75% (21,177,430) of clean reads on 

average out of the input reads in 40 samples. The Phred(Q)20 score for 40 

samples was 96.74 and Q30 was 87.15 on average. Q scores for each of 80 

paired sequencing data are provided in Table 2.3. Subsequently, lean RNA-

seq reads were mapped onto the BosTau8 genome reference from UCSC 

database using Bowtie2 (v2.2.2.0) (Langmead and Salzberg 2012), 

implemented in Tophat2 (v2.0.12) (Kim, Pertea et al. 2013), resulting in 

average 82.75% of mapping rate (Table 2.4). Finally, the transcriptome 

expression levels of 13,896 genes from 40 samples were obtained. Out of 

these, 13357 genes from autosomes and 528 from X chromosome were used 

for the analysis; 11 unmapped genes were excluded from the analysis. The 

information on X-linked and autosomal genes are presented in Supplementary 

Data S1. The percentage of non-expressed genes was higher in X 

chromosome than in autosomes in all tissues: 16-25% for autosomes and 25-

33% for X chromosome. Pituitary gland exhibited significantly lower levels 
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of non-expressed genes compared to the other tissues: p-value <0.0005 for 

pituitary gland against each tissue in male and < 0.005 in female (Fig. 2.3a). 

When the chromosome-wide distribution of all expressed genes was checked 

(FPKM > 0), the distributions displayed a kinship tendency among all 

chromosomes including the X chromosome (tested with one-way ANOVA) 

(Fig. 2.3b). The mean values of gene expression were significantly different 

between the pituitary gland and each of peripheral tissues, and pituitary 

glands exhibited the highest mean and median values in gene expression 

(Table 2.5). Agreeing to this result, gene expressions in the pituitary gland 

were slightly shifted toward higher levels of expression compared to those in 

the other tissues (Fig. 2.3c). 
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Table 2.3. Phred (Q) scores for 40 samples. 

Sample Q20 Q30 Sample Q20 Q30 

FM_002031789184_G_1 98.78 93.42 M_002056410964_G_1 98.14 89.62 

FM_002031789184_G_2 97.29 90.99 M_002056410964_G_2 96.09 85.73 

FM_002031789184_JB_1 98.50 92.39 M_002056410964_JB_1 97.85 88.46 

FM_002031789184_JB_2 96.86 89.84 M_002056410964_JB_2 95.79 84.55 

FM_002031789184_KY_1 98.31 92.30 M_002056410964_KY_1 97.92 88.66 

FM_002031789184_KY_2 96.01 88.38 M_002056410964_KY_2 95.98 85.08 

FM_002031789184_NS_1 98.56 92.88 M_002056410964_NS_1 97.75 87.95 

FM_002031789184_NS_2 96.85 90.05 M_002056410964_NS_2 95.79 84.31 

FM_002031790233_G_1 98.43 92.17 M_002056819043_G_1 96.33 85.36 

FM_002031790233_G_2 96.33 88.66 M_002056819043_G_2 92.87 80.66 

FM_002031790233_JB_1 96.75 85.53 M_002056819043_JB_1 96.71 84.64 

FM_002031790233_JB_2 93.75 79.93 M_002056819043_JB_2 92.86 78.52 

FM_002031790233_KY_1 97.77 88.79 M_002056819043_KY_1 96.96 85.37 

FM_002031790233_KY_2 95.94 85.27 M_002056819043_KY_2 93.30 79.26 

FM_002031790233_NS_1 98.49 92.69 M_002056819043_NS_1 96.79 85.50 

FM_002031790233_NS_2 96.67 89.66 M_002056819043_NS_2 92.67 78.59 

FM_002031791453_G_1 98.92 94.10 M_002057817341_G_1 98.03 88.60 

FM_002031791453_G_2 97.30 91.21 M_002057817341_G_2 96.23 85.59 

FM_002031791453_JB_1 98.50 92.57 M_002057817341_JB_1 97.58 87.07 

FM_002031791453_JB_2 96.69 89.49 M_002057817341_JB_2 95.10 82.39 

FM_002031791453_KY_1 98.65 92.95 M_002057817341_KY_1 99.21 92.43 

FM_002031791453_KY_2 96.94 90.18 M_002057817341_KY_2 97.15 86.17 

FM_002031791453_NS_1 98.62 92.98 M_002057817341_NS_1 97.63 87.35 

FM_002031791453_NS_2 97.01 90.34 M_002057817341_NS_2 95.30 82.78 

FM_002045323314_G_1 98.25 90.05 M_002059653722_G_1 97.99 89.05 

FM_002045323314_G_2 96.49 86.86 M_002059653722_G_2 96.03 85.57 

FM_002045323314_JB_1 97.09 85.85 M_002059653722_JB_1 97.53 86.95 

FM_002045323314_JB_2 94.72 81.34 M_002059653722_JB_2 95.10 82.71 

FM_002045323314_KY_1 97.35 86.43 M_002059653722_KY_1 97.64 87.25 

FM_002045323314_KY_2 95.10 81.99 M_002059653722_KY_2 95.51 83.60 

FM_002045323314_NS_1 97.99 89.06 M_002059653722_NS_1 97.61 87.73 

FM_002045323314_NS_2 95.96 85.20 M_002059653722_NS_2 95.47 83.90 

FM_002056944375_G_1 98.47 91.07 M_002062977862_G_1 98.12 89.80 
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FM_002056944375_G_2 97.13 88.51 M_002062977862_G_2 96.47 86.58 

FM_002056944375_JB_1 96.09 86.61 M_002062977862_JB_1 97.19 87.02 

FM_002056944375_JB_2 92.95 81.59 M_002062977862_JB_2 94.71 82.25 

FM_002056944375_KY_1 97.89 88.68 M_002062977862_KY_1 97.73 88.40 

FM_002056944375_KY_2 96.03 84.88 M_002062977862_KY_2 95.34 83.65 

FM_002056944375_NS_1 98.03 89.52 M_002062977862_NS_1 97.67 88.42 

FM_002056944375_NS_2 96.17 85.72 M_002062977862_NS_2 95.72 84.45 

Average Q20 96.74 Average Q30 87.15 
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Table 2.4. Mapping rate. 

File name 
Overall mapping 

Rate 

Concordant pair 

alignment rate 

M_002057817341_JB 91.70% 83.60% 

FM_002031789184_JB 93.70% 87.80% 

M_002059653722_G 92.40% 85.50% 

FM_002031791453_NS 91.50% 85.00% 

M_002056410964_KY 92.70% 86.30% 

FM_002045323314_JB 89.90% 81.90% 

M_002056819043_NS 84.30% 71.70% 

FM_002031789184_KY 92.40% 85.80% 

FM_002031790233_KY 90.70% 83.00% 

FM_002056944375_JB 83.50% 71.40% 

FM_002031791453_KY 93.80% 88.00% 

M_002057817341_G 92.80% 86.40% 

FM_002031791453_JB 93.50% 86.50% 

M_002056410964_NS 91.60% 84.30% 

FM_002045323314_NS 91.90% 84.80% 

FM_002056944375_G 93.50% 87.80% 

M_002057817341_KY 85.20% 77.20% 

FM_002031791453_G 94.10% 88.90% 

FM_002031790233_NS 92.00% 84.40% 

M_002062977862_JB 89.10% 78.40% 

FM_002031789184_NS 91.70% 84.50% 

M_002056819043_KY 84.40% 71.50% 

M_002059653722_JB 91.60% 83.70% 

M_002062977862_NS 89.90% 82.60% 

M_002056819043_JB 85.10% 72.20% 

FM_002031790233_JB 88.70% 78.40% 

M_002057817341_NS 90.70% 82.80% 

FM_002056944375_NS 91.40% 84.00% 

M_002056410964_G 92.90% 86.40% 

M_002062977862_G 92.50% 86.00% 

M_002062977862_KY 91.50% 83.90% 

FM_002031789184_G 94.00% 88.60% 
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M_002059653722_NS 91.30% 83.40% 

M_002056410964_JB 92.30% 84.80% 

FM_002045323314_G 93.10% 87.00% 

FM_002045323314_KY 90.90% 83.70% 

FM_002056944375_KY 92.00% 85.40% 

FM_002031790233_G 92.70% 86.10% 

M_002056819043_G 77.70% 60.70% 

M_002059653722_KY 92.30% 85.60% 

Average 90.68% 82.75% 
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Figure 2.3. Expression of autosomal and X-linked genes in cattle genome. 

a. Rate of autosome and X-linked genes that were not expressed. Numbers of 

non-expressed genes from 5 male and 5 female cattle were averaged and 

displayed with standard deviation in percentage for each tissue. b. 

Chromosome-wide expression distribution was plotted for fat, liver, muscle, 

and pituitary gland in male. Numbers of expressed genes and outliers for each 

of chromosomal data are presented in Supplementary data S3. c. Distribution 

of expressed genes in liver and pituitary gland of both sexes. Pit, pituitary 

gland; A, autosome; X, X chromosome. 
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Table 2.5. Statistics of expressed data. Each value is calculated with 

expressed genes (0 < FPKM). P-values were obtained using two tailed 

unequal variance t-tests between pituitary gland and each of the other tissues.  

 Male  Female 

 Liver Fat Muscle Pit.  Liver Fat Muscle Pit. 

Median 2.84 3.41 2.80 3.57  2.99 3.62 2.88 3.76 

Mean 2.48 2.98 2.46 3.07  2.65 3.12 2.53 3.22 

P value  

(t-test) 
2.4E-54 0.025 7.7E-58   1.0E-54 0.017 2.1E-75  
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2.4.2 Cattle X:A ratio estimated by global gene expression 

Global upregulation of X chromosome was observed in the cattle 

genome by comparing the median expression of X-linked genes with the 

value of autosomal genes (X:A ratio). Applying different FPKM cut-off 

values provided us information regarding contribution of genes showing zero 

or low level of expression to overall pattern of dosage compensation. For all 

tested genes (FPKM ≥ 0), the tissue-averaged X:A ratio was 0.58. When 

actively transcribed genes were included in the analysis (FPKM ≥ 0.1), the 

ratio significantly increased to 0.92 for all tissues. Calculation of X 

upregulation with highly expressed genes (FPKM ≥ 2) indicated 1.01 of X:A 

ratio (Fig. 2.4a). Additionally, tissue variances in the X:A ratio were observed. 

The liver and muscle showed X:A ratio of approximately 0.54 for all genes, 

with the figure increasing up to 0.91 for expressed genes (FPKM ≥ 0.1). Fat 

tissue showed the lowest overall X:A ratio among various types of tissues; the 

ratio was about 0.50 with all genes (FPKM ≥ 0), but became 0.80 when tested 

with expressed genes (FPKM ≥ 0.1). The value could not reach to 1 even with 

highly expressed genes (FPKM ≥ 2) (Fig. 2.4a). On the other hand, X:A ratio 

in pituitary gland were already 0.76 analyzed including all genes (FPKM ≥ 

0), increasing to 1.07 when tested with expressed genes (FPKM ≥ 0.1) (Fig. 

2.4a). Combining these results with our observations in figure 2.3a and 2.3c, 
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which depict that the pituitary gland expresses higher number of genes more 

intensively than the other tissues, it is likely that the extent of excessive 

expression in the pituitary gland is stronger in X chromosome than autosome 

as the X:A ratio implies. 
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Figure 2.4. X:A median expression ratios. a. Median X:A ratios based on 

globally expressed genes in cattle genome were plotted for each tissue and 

sex with different cut-off values. b. Global X:A ratio without PAR genes and 

X-linked DEGs for cattle. Mouse X:A ratio of global expression were 

calculated without mouse PAR genes. c. X:A ratio measured with 1-to-1 

chicken-mammal orthologs. For cattle 8240 orthologs were utilized. Average 

of X:A ratio values of 4 tissues and the standard errors of the means were 

calculated for each data point. 
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2.4.3 Effect of PAR genes and DEGs between sexes on X:A ratio 

If the remaining X/Y-linked genes maintain ancestral gene dosage, these 

genes in theory can escape X inactivation (Bellott, Hughes et al. 2014). 

Therefore, escaped genes from X chromosome inactivation (XCI) in female 

or any X/Y-linked genes in male that were expressed biallelically may elevate 

the X:A ratio by overestimating the expression levels of active X-linked 

alleles. Many such genes are likely to fall into following gene categories: 1) 

genes in PAR, 2) other X-linked genes retaining Y-linked copies, and 3) 

escape genes from XCI (also called XCI escapees). In order to assess the 

effect of such genes on dosage compensation, we examined PAR genes and 

X-linked DEGs between sexes in each of the examined cattle tissues. 

In the BosTau8 reference genome (UMD3.1.1), 4 PAR genes including 

ARSE, CD99, TBL1X, and PNPLA4, were mapped to X chromosome. The 

genomic location of the PAR genes is depicted in Figure 2.2a and Table 2.1. 

Probable XCI escape genes in cattle were identified using information of 

identified DEGs between males and females. Systematical expression studies 

indicated 15% and 3% of XCI escape rates for human and mouse, respectively, 

although the number and distribution vary among individuals, tissues, and 

cells within tissues (Berletch, Yang et al. 2011, Deng, Berletch et al. 2014). 

Genome-wide studies have been conducted on marsupials, especially 
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Monodelphis domestica (opossum) and Macropus eugenii (tammar wallaby); 

they reported 14% and 34% of escape from XCI, respectively (Rodriguez-

Delgado, Waters et al. 2014, Wang, Douglas et al. 2014). This only unveiled 

limited knowledge on the number and annotation of escape genes in cattle; 

thus, a list of XCI escape genes is still not available. As an alternative, X 

chromosome-linked DEGs at p-value <0.01 were selected from our cattle 

RNA-seq data set and these genes were considered candidates for escape 

genes (Table 2.6). The number of female-biased DEGs was 18 (pituitary 

gland), 26 (muscle), 12 (fat), 13 (Liver) out of 528 X-linked genes, from 

which rate of escape genes in cow were estimated to be 3.27% on average 

(3.41% in pituitary gland, 4.92% in muscle, 2.27% in fat, and 2.46% in liver). 

Continuing analysis of the XCI escape candidates in cattle, we merged the X-

linked DEG lists from all tissues and identified 55 collective gene contents. 

These 55 X-linked DEGs were compared with 94 XCI escapees found in 

human (Carrel and Willard 2005) and 26 in mouse (Yang, Babak et al. 2010, 

Calabrese, Sun et al. 2012, Wu, Luo et al. 2014) (Table 2.2). CA5B and XIST 

were shared among all three species (3.6% of Cattle genes). Human and cattle 

shared 9 common genes (16.4% of cattle genes), and mouse and cattle shared 

5 genes (9.1% of cattle genes and 19.2% of 26 mouse XCI escapees) (Fig. 

2.2b). The last result was comparable with result of the comparison of human 
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and mouse, where the number of shared genes was 3 (11.5% of 26 mouse XCI 

escapees). The number of shared genes was relatively smaller than the 55 

identified cattle XCI escape candidates, which indicates that cattle may 

possess species-specific gene distribution and mechanisms for X inactivation 

working at least partly. Additionally, male-biased overexpression in the DEGs 

was considered regarding contribution of X/Y-linked genes to the status of X 

upregulation (Table 2.6). Out of 12 male-biased genes, 2 were located in PAR 

(TBL1X and CD99), and 4 genes were identified as X-linked genes retaining 

Y-linked copies (DDX3Y, USP9Y, ODF1Y, and EIF1AY).  

The global dosage compensation was evaluated without the PAR genes 

and X-linked DEGs between sex. Exclusion of these biallelically expressed 

genes from the data analysis illustrated no significant changes in X:A ratios 

with increasing FPKM cut-off between two analysis (Fig. 2.4a and 2.4b); 

tissue averaged X:A ratio for all tested genes (FPKM ≥ 0) was 0.58, and the 

value was 0.95 (increase by 0.03) for the expressed genes (FPKM ≥ 0.1). This 

consistency may be due to the proportion of PAR genes and X-linked DEGs 

being relatively small compared to whole X-linked genes (17 in fat, 17 in liver, 

31 in muscle, and 21 in pituitary gland out of 528). These results of global 

dosage compensation in cattle were comparable with mouse data analyzed 

using the equivalent analysis method (Fig. 2.4b). In the mouse control, 
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dramatic tissue variances among brain (visual cortex) and peripheral tissues 

(pancreatic islet, colon, and lung) were found probably caused by technical 

variances due to inconsistent experiments and raw data processing steps. 

Overall, the tissue-averaged X:A ratio in mouse was estimated to be 1.33 with 

expressed genes (FPKM ≥ 0.1). While mouse expression data displayed large 

tissue variation in X:A ratio, cattle showed relatively consistent X:A ratios. 

This comparison between mouse and cattle illustrated the status of X 

upregulation in cattle which was confluent with the results from previous 

studies about global dosage compensation in eutherian mammals (Deng, Hiatt 

et al. 2011, Kharchenko, Xi et al. 2011). 
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Table 2.6. X-linked DEGs from the RNA-seq analysis. X-linked DEGs in 

each tissue are listed together with gene accession no., p-values, log2-

transformed fold change (male expression levels divided by female 

expression levels), and log2-transformed FPKM. Eight FPKM levels in males 

and females were averaged. The genes in each list is are sorted by 

(alphabetical order for the gene symbol)/(log fold change). Differential 

expression of XIST is from the analysis with BosTau7 (Seo, Caetano-Anolles 

et al. 2016). 

Pituitary gland Muscle 

Gene P-val 
logF

C 

logFPK

M 
Gene P-val 

logF

C 

LogFPK

M 

OFD1Y 3.03E-57 11.92 2.62 DDX3Y 
3.44E-

54 
10.91 2.38 

DDX3Y 2.58E-53 9.99 2.82 USP9Y 
1.68E-

49 
10.98 1.89 

USP9Y 2.67E-39 10.97 1.75 OFD1Y 
2.35E-

39 
10.03 0.86 

XIST 
4.25E-

124 
8.91 4.61 XIST 

5.83E-

92 
8.91 2.53 

GPC3 0.00707 1.34 2.56 PRR32 0.00249 1.99 1.88 

TBL1X 0.00236 0.78 4.63 PSMD10 0.00291 0.93 4.23 

CD99 0.00281 0.72 4.29 KDM6A 0.00961 -0.78 3.55 

ZCCHC1

2 
0.00522 -0.64 3.44 DMD 0.00793 -0.87 5.26 

EIF2S3 0.00429 -0.76 5.33 SRPX 0.00466 -1.08 1.67 

USP27X 0.00827 -0.79 3.14 PORCN 0.00852 -1.22 1.18 

CNKSR2 0.00418 -0.80 2.07 GPC3 0.00877 -1.24 1.97 

KDM6A 
0.00053

5 
-0.82 4.19 CYBB 0.00233 -1.45 2.25 

CHM 
0.00052

4 
-0.84 2.64 RBM3 

0.00011

5 
-1.56 5.41 

ZFX 0.00242 -0.84 3.45 RENBP 0.00115 -1.59 0.69 
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XIAP 0.00854 -0.87 4.78 FIGF 0.00345 -1.69 1.93 

MAOB 0.00529 -0.95 3.78 MOSPD1 
0.00092

1 
-1.73 3.08 

CYBB 
0.00038

0 

-

1.149 
2.76 XPNPEP2 

0.00026

1 
-1.88 0.27 

TLR7 
0.00084

0 
-1.38 0.37 TLR8 0.00479 -2.00 -0.93 

TLR8 0.00474 -1.53 -0.86 CA5B 
0.00037

0 
-2.07 0.32 

    VSIG4 0.00881 -2.07 0.09 

 
   SH3KBP1 

1.35E-

07 
-2.52 4.45 

 
   

LOC5139

11 
0.00156 -2.72 -1.51 

    GATA1 0.00465 -2.88 -4.75 

    SLC6A14 0.00187 -3.60 -4.16 

    RAB39B 0.00507 -3.65 -5.96 

    MIR3431 0.00425 -3.72 -1.70 

    PHEX 0.00261 -4.09 -4.95 

Fat Liver 

Gene P-val 
logF

C 

LogFPK

M 
Gene P-val 

logF

C 

LogFPK

M 

OFD1Y 9.71E-28 8.80 1.61 DDX3Y 
4.99E-

17 
11.22 2.61 

XIST 3.06E-47 8.68 3.19 OFD1Y 
5.94E-

16 
10.45 1.20 

DDX3Y 7.65E-14 8.61 1.34 USP9Y 
1.33E-

15 
10.05 0.88 

USP9Y 4.40E-11 6.96 -0.87 
SMARCA

1 
0.00115 1.35 5.59 

EIF1AY 
0.00046

5 
4.29 -2.83 MAGEH1 0.00641 -0.73 3.86 

IL13RA2 0.00244 3.17 -1.39 ZMYM3 0.00950 -0.89 2.32 

EBP 0.00407 1.45 6.18 USP27X 0.00282 -1.08 0.58 

MED12 0.00872 -1.09 4.25 SUV39H1 
0.00235

7 
-1.28 2.02 

ASB11 0.00546 -1.19 4.23 HMGB3 0.00496 -1.34 1.38 

KDM6A 0.00806 -1.21 2.92 DGAT2L6 0.00509 -1.87 -1.69 

NLGN3 7.54E-05 -1.79 1.65 ATP2B3 0.00784 
-

2.029 
-4.07 
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ARR3 0.00192 -3.44 -3.10 TENM1 
0.00071

1 
-2.74 -1.12 

GRPR 0.00680 -3.55 -5.31 DRP2 0.00271 -3.22 -2.50 
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2.4.4 Cattle X:A ratio estimated by 1-to-1 ortholog expression with 

bird 

For the next step, we scrutinized whether the observed X:A ratio of 

median expression levels is in agreement with the assumption of two-fold 

upregulation of the X chromosome for genes that retained 1-to-1 ortholog 

relationships throughout chicken-cattle-mouse-human evolution lineage. A 

data file for orthologous genes between cow, chicken, human, and mouse with 

homology type was downloaded from ENSEMBL biomart 

(http://www.ensembl.org/biomart/) (Ensembl release 83). The number of 

common annotated genes between BosTau7 and ENSEMBL annotation was 

exactly 10,000, from which 8240 genes were identified as orthologs in the 

chicken-to-human lineage. Expression levels for all 8240 orthologs were 

available in the cattle RNA-seq data (Supplementary data S2). The X:A ratio 

from the ortholog genes (FPKM ≥ 0) was 0.68, but exhibited tissue variances 

were as follows: fat 0.56, muscle 0.71, liver 0.72 and the pituitary gland 0.74 

(male and female averaged). The X:A ratio calculated from mouse gene 

expression data, was 0.48 when averaged for pancreatic islet, colon, lung, 

carotid body, and adrenal medullar. The value that was lower than 0.5 was 

consistent with the X:A ratio observed in other study (Lin, Xing et al. 2012). 

X:A ratios from cattle in general displayed higher values than mouse probably 

http://www.ensembl.org/biomart/
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because poor annotation in BosTau7 hampered calling 1-to-1 orthologs in 

cattle. This might induce omission of non- or low-expressed ortholog genes. 

Still, the X:A ratio value of 0.68, calculated from cattle 1-to-1 orthologs, was 

closer to 0.5 than to 1. 

2.4.5 Dosage compensation in cattle measured at a gene-by gene 

basis 

In order to test whether the status of X upregulation in cattle is consistent 

with the gene balance hypothesis (Birchler and Veitia 2012, Pessia, Makino 

et al. 2012), we evaluated the X:A ratio with dosage sensitive genes. Cattle 

genes involved in protein complex were identified using information of 

human protein complex genes from the Human Protein Reference Database 

(HPRD) (Prasad, Goel et al. 2009). Among genes comprising of 1521 human 

protein complexes, genes having the same gene symbols as those in our cattle 

data were selected, from which complexes including only X or autosomal 

genes were then excluded from the analysis. Finally, 183 cattle protein 

complexes including 76 X-linked and 614 autosomal genes were used for 

subsequent analyses. When permitted the gene redundancy among complexes, 

the numbers of X-linked and autosomal genes were 211 and 1063, 

respectively. The protein complexes were classified into 3 groups according 

to the numbers of subunit consisting of the complexes, and X:A ratio was 
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measured for each group and tissue. For most tissues, X:A ratios of small 

complex genes (2-3 protein per complex) were approximately 0.5, but large 

complex genes (more than 7 proteins per complex) showed the value of X:A 

ratio close to 1 (Fig. 2.6). This observation suggests that, given the large 

complex proteins with stronger dosage sensitivity, two-fold X upregulation 

was applied to X-linked dosage sensitive genes in cattle as has been shown in 

human (Pessia, Makino et al. 2012). 
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Figure 2.6. X:A expression ratio with genes involved in protein complexes 

in cattle. Protein complexes were categorized into 3 groups according to the 

number of protein subunits; 2-3 subunits, 4-6 subunits, and 7-129 subunits. 

Box plots are presented for each of sexes, tissues and complex categories. 

Outliers were omitted in this graph, but the numbers of expressed genes and 

outliers for each data group are presented in Supplementary data S4. The 

distribution of X:A ratio for each box is shown in Figure 2.7. F, female; M, 

male. 
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Figure 2.7. Distribution of X:A ratio for each of tissues and complex 

categories. The number of complexes falling into each bin of X:A ratio was 

converted to relative portion (density), which then are presented for female 

(a) and male (b). Note that, for most of complexes, X:A ratios are less than 2, 

but there are outliers with X:A ratios higher than 5. 
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2.4.6 Conclusion 

Cattle represent the Ruminantia, belonging to the Artiodactyla order and 

the Eutheria subclass in the Mammalia class. Cattle are one of the most 

important and well-studied domestic animal species, and are also an 

important scientific resource for understanding the genomics and functional 

genetics (Bovine Genome, Analysis et al. 2009). In this study, we reported 

gene expression patterns of X chromosome and autosomes in several tissues 

from cattle to complement information about the status of dosage 

compensation in mammals. Through RNA-seq data analysis, we examined 

various types of genes in cattle genome such as PAR genes, XCI escape genes, 

highly expressed genes, lowly expressed genes, 1-to-1 orthologous and 

dosage sensitive gene, and effects they have on dosage compensation were 

investigated. For cattle, PAR and XCI escape genes did not influence on X 

upregulation mostly because the number of the genes were minor relative to 

the whole X-linked genes and because the expression levels were moderate. 

Analysis with highly expressed genes and dosage sensitive genes increased 

X:A ratio close to 1, whereas lowly expressed genes and orthologs largely 

decreased the X:A ratio close to 0.5. Finally, we found that the median X:A 

expression ratio was close to 1 for globally expressed genes, and that testing 

X:A ratio with 1-to-1 orthologs between birds and mammals results in an 
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approximate 0.68 X:A ratio. These results of dosage compensation in cattle 

were comparable with that of mouse data, which was analyzed using an 

equivalent analysis method (Fig. 2.4b and 2.4c). The global X:A ratios 

calculated with the expressed genes (FPKM ≥ 0.1) were close to 1 in both 

mouse control and cattle (Fig. 2.4b), whereas the ortholog X:A ratios were 

around 0.48 in mouse and 0.68 in cattle (Fig. 2.4c). The status of X 

upregulation in cattle was in accordance with what is known for eutherian 

mammals (Xiong, Chen et al. 2010, Deng, Hiatt et al. 2011, Lin, Xing et al. 

2012). Our results from 3 different gene selection methods have been 

summarized and integrated with the previous data concerning X upregulation 

in Table 2.7. In conclusion, calculation of X:A ratio using our transcriptional 

output from various tissues demonstrated that status of dosage compensation 

for cattle is not very deviated from those found in rodents and primate, which 

is consistent with the actually known evolutionary history of cattle (Fig. 2.1). 

Results of our analysis provides better understanding of the evolution of 

dosage compensation in mammals.  
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Table 2.7. Current status of dosage compensation in mammals. “~1” represents a X:A ration not significantly different from 1 

while “<1” means the value was significantly lower than 1 and close to 0.5. NA, not assessed; a Deng et al. 2011; b Yildirim et al. 

2011; c Kharchenko et al. 2011; d Julien et al. 2012; e Lin et al. 2012; f Pessia et al. 2012. 

Species 
Gene selection 

Globally expressed Orthologue Dosage sensitive 

Platypus NA <1 d,e NA 

Opossum NA 
~1 d 

<1 e 
NA 

Cattle 0.95 0.68 ~1 

Mouse ~1 a,b,c <1 d,e NA 

Human ~1 a,c <1 d,e ~1 e,f 
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Chapter 3. Selective pressure on the protein 

coding genes of the pufferfish is correlated with 

phenotypic traits 
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3.1. Abstract 

The pufferfish accumulates neurotoxic tetrodotoxin in its body and 

inflates by filling its stomach with water. These traits are unique to this 

species, and may be a result of adaptation post-divergence of Tetraodontidae. 

However, evolution of the protein-coding genes in the pufferfish have not yet 

been well elucidated. Detection of positive selection on these genes can help 

us understand the mechanisms associated with functional evolution. We 

downloaded well-annotated gene information of two pufferfish species, 

Takifugu rubripes and Tetraodon nigroviridis, from the public ENSEMBL 

database. In order to detect selective pressure on protein-coding sequences, 

we performed dN/dS estimation using codeml within the PAML software 

package. We selected one to one orthologous genes among seven fish species 

(Gasterosteus aculeatus, Oryzias latipes, Poecilia Formosa, Takifugu 

rubripes, Tetraodon nigroviridis, and Xiphophorus maculatus). Results of 

dN/dS analysis on orthologous genes indicate that pufferfish showed high 

non-synonymous substitution rate for positively selected genes, and the 

evolutionary rate was faster during the diversification of two pufferfishes 

after divergence. Additionally, a candidate mechanism for regulation of 

neuro-toxicity of tetrodotoxin was identified from functional annotation of 

positively selected genes. These results support positive selection on protein-
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coding genes of the pufferfish with the acquisition of specific phenotypic 

traits. 
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3.2. Introduction 

The pufferfish display some species-specific characteristics, including 

the accumulation of tetrodotoxin (TTX) in their tissues. It has been reported 

that many species of pufferfish, including Takifugu rubripes and Tetraodon 

nigroviridis, accumulate TTX in their tissue through the marine food chain, 

which begins with TTX-producing bacteria (Noguchi, Arakawa et al. 2006). 

TTX is a toxin which induces abnormalities in nerve excitability by blocking 

Na+ channels (Kiernan, Isbister et al. 2005). Additionally, the pufferfish 

pumps water into its stomach and inflates its body volume in order to defend 

itself from predators. As the pufferfish’s stomach specializes in inflation, it 

shows high extensibility and unique digestive function (Brainerd 1994). 

Evolutionary study of pufferfish coding genes, along with other fish 

orthologous genes, may allow for better understanding of the genetic 

mechanisms behind pufferfish-specific phenotypes. A study was previously 

performed investigating the evolutionary patterns of Takifugu rubripes and 

Tetraodon nigroviridis and their protein-coding genes using pairwise dN/dS 

analysis (Montoya-Burgos 2011). Both pufferfishes showed similar strength 

of purifying selection when compared to murids, and the strength in hominids 

was stronger with their smaller population size. However, a comparative 

evolutionary study of protein-coding genes in pufferfish has yet to be 
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performed fully. 

dN/dS represents the ratio of non-synonymous substitution rate to 

synonymous substitution rate, which is calculated using the aligned 

orthologous sequences of protein-coding genes (Yang, Nielsen et al. 2000). It 

is used as an estimator to measure selective pressure on genes, and the 

significance of positive selection is decided using a likelihood test between 

the null (neutral selection) and alternative hypotheses (positive selection) 

(Yang 2007). This estimation enables investigation of single gene evolution 

as well as evolution of several genes at once, from which biological functions 

can be assumed through functional annotation of selected genes using a public 

database. 

In the present study, we utilized dN/dS estimation and a branch-site 

model to identify selective pressure on pufferfish coding genes. We selected 

seven fish species from the ENSEMBL genome database, considering the 

problem of substitution saturation which arises from a long divergence time. 

The seven species, Gasterosteus aculeatus, Oryzias latipes, Oreochromis 

niloticus, Poecilia Formosa, Takifugu rubripes, Tetraodon nigroviridis, and 

Xiphophorus maculatus, diverged from Percomorphaceae 117 mya 

(Supplementary figure 1, the divergence time from TIMETREE) (Hedges, 

Marin et al. 2015). Percomorphs are a large group of spiny-finned fishes 
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which contains around 55 percent (>17,000 species) of teleost diversity 

(Sanciangco, Carpenter et al. 2016). Because the resolution of the order lacks 

in density, studies aiming to classify phylogenetic placement and give a 

concrete shape have been consistently performed. In the meantime, 

comparison between these seven fish species may suggest direction for future 

functional evolutionary studies in Percomorphs. Results of this study may 

also help to elucidate rapid evolution of the protein-coding genes of pufferfish 

and suggest possible underlying genomic mechanisms behind pufferfish-

specific characteristics. 
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3.3. Materials and Methods 

3.3.1 Selection of fish species for dN/dS analysis 

We selected seven out of the eleven fish species whose data is available 

in the ENSEMBL genome database- Gasterosteus aculeatus (stickleback), 

Oryzias latipes (medaka), Oreochromis niloticus (tilapia), Poecilia Formosa 

(amazon molly), Takifugu rubripes (fugu), Tetraodon nigroviridis (tetraodon), 

and Xiphophorus maculatus (platyfish). Although saturation of synonymous 

substitutions weakens the power of the branch-site test in dN/dS estimation 

(Gharib and Robinson-Rechavi 2013), the relation of divergence time and 

saturation of synonymous substitution in the whole genome of teleost fish has 

not yet been studied sufficiently. For the present study, we chose species who 

diverged no more than 200 mya of each other based on information taken 

from TIMETREE (Figure 3.1) (Hedges, Marin et al. 2015). The genome 

assembly version used for each of the seven species were TETRAODON8.0 

(Tetraodon nigroviridis), FUGU4.0 (Takifugu rubripes), HdrR (Oryzias 

latipes). Orenil1.0 (Oreochromis niloticus), BROADS1 (Gasterosteus 

aculeatus), PoeFor_5.1.2 (Poecilia formosa), and Xipmac4.4.2 (Xiphophorus 

maculatus).
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Figure 3.1. Phylogenetic lineages of seven fishes used in this study. Divergence of species is marked by different colors. 
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3.3.2. Data preparation 

First, we downloaded text data files of cDNA and peptide sequences of 

all transcripts via ENSEMBL Biomart. We retained the longest transcripts of 

each gene to use for our analysis, as longer sequences provide more genetic 

information and are more advantageous. Only genes that were 1:1 

orthologous between our selected seven species were used for dN/dS 

estimation. Gene homology information was collected from the ENSEMBL 

database. Multiple alignment of peptide sequences was performed using 

ClustalO (Sievers, Wilm et al. 2011), and the sequences were converted into 

corresponding cDNA sequences using PAL2NAL (Suyama, Torrents et al. 

2006). Poorly aligned transcripts were eliminated using Gblocks (Castresana 

2000). After all of these filtering steps were performed, a total of 10,136 

orthologs remained. 

3.3.3. dN/dS analysis of protein coding sequences for detecting 

positive selection 

Codeml within the PAML package was used to estimate dN/dS and the 

likelihood of positive selection (Yang 2007). Using the branch-site model, we 

set three cases of foreground branches which were considered as their few 

sites under positive selection (Figure 3.2). Figure 3.2 illustrates three 

phylogenetic trees with foreground branches marked by red lines, 
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representing positive selection in Tetraodontiformes, Takifugu rubripes, and 

Tetraodon nigroviridis. Foreground branches represent the particular lineages 

that positive selection affects few sites of them in branch-site models (Yang 

2007). Codeml control files (.ctl) of branch-site model set model=2, 

NSsites=2, fix_omega=1, and omega=1 in the null model and model=2, 

NSsites=2, and fix_omega=0 in the alternative model according to the PAML 

manual. From the output, the p-value of each gene was calculated from 2∆𝑙 

(where 𝑙 is likelihood of a model) and a chi-square distribution. FDR (False-

Discovery rate) for all p-values was calculated using the statistical computing 

program R (Team 2013). 982 genes in Tetraodontiformes, 1,526 genes in 

Takifugu rubripes, and 2,789 in Tetraodon nigroviridis were identified as 

significant at a cutoff of FDR < 0.1.  An ANOVA and Tukey’s HSD test for 

dN/dS was also performed using R. Additionally, in order to compare the dN 

/ dS values of pufferfish and other fish species, the same dN/dS analysis was 

performed on Poecilia Formosa and Xiphophorus maculatus with similar 

lineage structures. 
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Figure 3.2. Diagrams of phylogenetic trees displaying foreground 

branches differently set in branch-site models. 

The foreground branch was selected by three different lineages, which were 

Tetraodontiformes (the order including Takifugu rubripes and Tetraodon 

nigroviridis), Takifugu rubripes and Tetraodon nigroviridis respectively. PF: 

Poecilia formosa (Amazon molly), XM: Xiphophorus maculatus (Platyfish), OL: 

Oryzias latipes (Medaka), ON: Oreochromis niloticus (Tilapia), TR: Takifugu 

rubripes (Takifugu), TN: Tetraodon nigroviridis (Tetraodon), GA: Gasterosteus 

aculeatus (Stickleback) 
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3.3.4. Functional annotation of genes under positive selection 

Functional annotation was performed on identified genes using 

GOEAST (Gene Ontology Enrichment Analysis Software Toolkit) (Zheng 

and Wang 2008). First, we downloaded a list of GO term annotations from 

ENSEMBL Biomart. Annotation lists of Takifugu rubripes and Tetraodon 

nigroviridis were prepared in order to compare the results of the enrichment 

tests. The annotation data was modified into appropriate formatting according 

to the GOEAST web analyzer requirements. Modified data was used as a 

background file in GOEAST Customized Result Analysis. We uploaded 

ENSEMBL ids of selected genes (FDR<0.1) to GOEAST; the result was 

outputted as sorted list based on p-values and represented as hierarchical 

figures. Analyses were run using GOEAST default options (FDR<0.1, 

Benjamini–Hochberg–Yekutieli procedure). 
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3.4. Results 

3.4.1. Evolutionary Pressure on Coding Sequences of 

Tetraodontiformes, Takifugu rubripes and Tetraodon nigroviridis 

We estimated dN/dS values of 10,136 orthologous genes for foreground 

branches and background branches using the codeml package within PAML 

4. When the foreground branch was set as Tetraodontiformes, the median 

dN/dS value was 0.1302 in background branches under null hypothesis, 

0.1649 in foreground branches under null hypothesis, 0.1308 in background 

branches under alternative hypothesis, and 0.1886 in foreground branches 

under alternative hypothesis (Table 3.1). In the branch-site model, the null 

hypothesis supposes that positive selection has not affected any sites of genes 

of foreground branches or background branches ( 𝑤2 = 1  fixed by 

fix_omega=1 and omega=1), while the alternative hypothesis assumes 

positive selection on foreground branches (Yang 2007). Takifugu rubripes as 

a foreground lineage showed a higher median dN/dS value than 

Tetraodontiformes, which showed   0.1398 in background branches under 

null hypothesis, 0.1674 in foreground branches under null hypothesis, 0.1396 

in background branches under alternative hypothesis, and 0.1956 in 

foreground branches under alternative hypothesis. The median dN/dS value 

in Tetraodon nigroviridis as a foreground lineage was shown to be 0.1372 in 
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background branches under null hypothesis, 0.1737 in foreground branches 

under null hypothesis, 0.1370 in background branches under alternative 

hypothesis, and 0.2300 in foreground branches under alternative hypothesis. 

Analysis of only positively selected genes (PSGs, fdr<0.1 in the likelihood 

test) resulted in a median dN/dS value of 0.8598 in Tetraodontiformes, 4.6688 

in Takifugu rubripes and 4.0973 in Tetraodon nigroviridis as alternative 

foreground branches. 

dN/dS values significantly (p<0.001, ANOVA) differed among 

Tetraodontiformes, Takifugu rubripes and Tetraodon nigroviridis in all 

hypotheses (null background, null foreground, alternative background, 

alternative foreground and alternative foreground (fdr<0.1)) (Table 3.2). 

Results of the Tukey’s HSD Post-hoc comparison test showed a significant 

(p<0.001) difference between Takifugu rubripes and Tetraodontiformes, as 

well as between Tetraodon nigroviridis and Tetraodontiformes, when the 

hypotheses and branches were null background, null foreground, alternative 

background and alternative foreground (fdr<0.1) (Table 3.3). Alternative 

foreground showed a significant difference in all pairs among 

Tetraodontiformes, Takifugu rubripes and Tetraodon nigroviridis (Figure 3.3). 
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Table 3.1. P-values from ANOVA test for dN/dS values among Tetraodontiformes, Takifugu rubripes and Tetraodon nigroviridis 

 
Null 

Background 

Null 

Foreground 

Alternative 

Background 

Alternative 

Foreground 

Alternative 

Foreground 

(fdr<0.1) 

P-value 1.63e-10 4.04e-13 3.68e-09 <2e-16 <2e-16 
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Table 3.2. P-values of Tukey’s HSD test for ANOVA test (Supp. Table 1) between Tetraodontiformes, Takifugu rubripes and 

Tetraodon nigroviridis 

 
Null 

Background 

Null 

Foreground 

Alternative 

Background 

Alternative 

Foreground 

Alternative 

Foreground 

(fdr<0.1) 

Tetraodontiformes – 

Takifugu rubripes 
0.0000000 0.0000000 0.0000000 0.0000000 0.000000 

Tetraodontiformes – 

Tetraodon nigroviridis 
0.0000048 0.0000000 0.0000180 0.0000000 0.000000 

Takifugu rubripes – 

Tetraodon nigroviridis 
0.2149214 0.9052385 0.3142067 0.0009178 0.966493 
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Table 3.3. Median of dN/dS values of all orthologous genes in three different setting of the foreground branches. 

PSGs (positively selected genes) mean that genes showed a significant p-value (fdr<0.1) from the likelihood test, between null (neutral 

selection) and alternative hypothesis (positive selection). The number of PSGs were 982/10,136 in Tetraodontiformes, 1,526/10,136 

in Takifugu rubripes, and 2,789/10,136 in Tetraodon nigroviridis. Other four columns were filled by the medians calculated from 

10,136 orthologous genes. 

Foreground branches 
Null 

Background 

Null 

Foreground 

Alternative 

Background 

Alternative 

Foreground 
PSGs 

Tetraodontiformes 0.1302 0.1649 0.1308 0.1886 0.8598 

Takifugu rubripes 0.1398 0.1674 0.1396 0.1956 4.6688 

Tetraodon nigroviridis 0.1372 0.1737 0.1370 0.2300 4.0973 
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Figure 3.3. Distribution of dN/dS of total genes of the three different pufferfish branches. 
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3.4.2. GO Enrichment of Positively Selected Genes 

PSGs were inputted into GOEAST and GO (Gene Ontology) functional 

enrichment was performed. Tetraodontiformes PSGs were found to be 

enriched with five BP (biological processes) terms, three CC (cellular 

component) terms and seven MF (molecular function) terms using Takifugu 

rubripes as the GO background (Figure 3.4). When the GO background was 

set as Tetraodon nigroviridis, analysis of the same PSGs resulted in nine BP 

terms, six CC terms and 22 MF terms (Figure 3.5). Since the results consisted 

mostly of hierarchically associated GO terms, we selected a terminal from the 

GO hierarchy as the most specific GO term among associated terms (shown 

in Figure 3.6). Takifugu rubripes and Tetraodon nigroviridis shared six 

common enriched terms: “Peptidyl-tyrosine phosphorylation” (GO:0018108), 

“Transmembrane receptor protein tyrosine kinase signaling pathway” 

(GO:0007169), “Calcium ion transmembrane transport” (GO:0070588), 

“Collagen trimer” (GO:0005581), “Transmembrane receptor protein tyrosine 

kinase activity” (GO:0004714) and “Extracellular matrix structural 

constituent” (GO:0005201). Three GO terms were solely enriched in Takifugu 

rubripes- “Proteinaceous extracellular matrix” (GO:0005578) “Protein 

binding” (GO:0005515) and “Calcium-release channel activity” 

(GO:0015278)- and four terms were solely enriched in Tetraodon 
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nigroviridis- “Integral component of plasma membrane” (GO:0005887), 

“Ryanodine-sensitive calcium-release channel activity” (GO:0005219), “Ras 

GTPase binding” (GO:0017016) and “ATP binding” (GO:0005524). 

When the foreground branch was set as Takifugu rubripes, analysis of 

PSGs resulted in 23 enriched GO terms (two CC and 21 MF terms, Figure 

3.7) and five terminal GO terms- “Cytoskeleton” (GO:0005856), “Synapse 

part” (GO:0044456), “ATP binding” (GO:0005524), “Metal ion binding” 

(GO:0046872) and “Protein tyrosine kinase activity” (GO:0004713). 

Tetraodon nigroviridis as a foreground branch resulted in 77 enriched GO 

terms that consisted of 39 BP, one CC and 37 MF terms (Figure 3.8). The GO 

hierarchy contained twelve terminal terms- “Regulation of cell 

communication” (GO:0010646), “Regulation of signaling” (GO:0023051), 

“Positive regulation of GTPase activity” (GO:0043547), “Cellular calcium 

ion homeostasis” (GO:0006874), “Central nervous system neuron 

development” (GO:0021954), “Hematopoietic or lymphoid organ 

development” (GO:0048534), “Protein phosphorylation” (GO:0006468), 

“Collagen trimer” (GO:0005581), “ATP binding” (GO:0005524), “Zinc ion 

binding” (GO:0008270), “Calcium-release channel activity” (GO:0015278) 

and “Intracellular ligand-gated ion channel activity” (GO:0005217) (also 

shown in Figure 2). 
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Figure 3.4. GO enrichment hierarchy of genes under positive selection on Tetraodontiformes lineage using a Takifugu rubripes 

GO background (biological processes, cellular components, molecular functions in order). 
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Figure 3.5. GO enrichment hierarchy of genes under positive selection on Tetraodontiformes lineage using a Tetraodon 

nigroviridis GO background (biological processes, cellular components, molecular functions in order).  
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Figure 3.6. GO enrichment of PSGs using two different GO backgrounds. 

Only terminals of the hierarchy of enriched GO terms are visualized in the figure (details in Supplementary figure 1-4). Background colors 
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of Gene Ontology represent different GO background (Takifugu rubripes (skyblue) or Tetraodon nigroviridis (pink)) used in the GOEAST 

enrichment test. In the raw of Tetraodontiformes, shared GO terms between the backgrounds were displayed by an overlapped area. The enrichment 

of GO was determined by GOEAST default option (FDR<0.1). BP: Biological Processes, CC: Cellular Components, MF: Molecular Functions 
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Figure 3.7. GO enrichment hierarchy of genes under positive selection on Takifugu rubripes lineage using a Takifugu rubripes 

GO background (cellular components, molecular functions in order). 
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Figure 3.8. GO enrichment hierarchy of genes under positive selection on Tetraodon nigroviridis lineage using a Tetraodon 

nigroviridis GO background (biological processes, cellular components, molecular functions in order). 



８７ 

 

3.5. Discussion 

Results of the present study are significant for two reasons. Firstly, the 

distribution of dN/dS represents selective pressure on the foreground lineages, 

pufferfishes. Additionally, PSGs and their functions provide insight into the 

genetic mechanisms behind unique species-specific characterizes. We discuss 

these two aspects in the discussion section, as well as suggest direction for 

future studies. 

3.5.1. Characteristics of dN/dS distribution and its significance in 

regard to pufferfish evolution 

Evolution of pufferfish genes has been mainly described through 

pairwise comparison between Takifugu rubripes and Tetraodon nigroviridis. 

The sequence diversity between human, mouse, Takifugu rubripes and 

Tetraodon nigroviridis was analyzed using orthologous gene sequences, and 

the result indicated that the rate of divergence (per year) between Tetraodon 

nigroviridis and Takifugu rubripes was about twice faster than between 

human and mouse, or between mouse and rat (Jaillon, Aury et al. 2004). 

Results of the same study also suggested that pairwise Ka/Ks ratio (a synonym 

of dN/dS ratio) between Takifugu rubripes and Tetraodon nigroviridis was 

much higher than the ratio between human and mouse, even though the 
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evolutionary time of Tetraodontiformes was much shorter. Another pairwise 

Ka/Ks analysis of singleton and duplicate genes suggested systematically 

higher Ka/Ks ratio in pufferfish than mammalian orthologs (Brunet, Crollius 

et al. 2006). Montoya-Burgos JI (2011) disclosed evolutionary patterns in the 

protein-coding genes between Takifugu rubripes and Tetraodon nigroviridis 

by pairwise comparison, and reported that the strength of purifying selection 

was weaker in pufferfishes and murid than hominids (Montoya-Burgos 2011). 

Considering the results of previous studies, our comparative dN/dS analysis 

appear to demonstrate discrete patterns of pufferfish evolution among seven 

fishes and its relation to vertebrate evolutionary patterns. 

Table 3.1 showed different dN/dS medians between foreground species 

(Tetraodontiformes, Takifugu rubripes or Tetraodon nigroviridis) and 

background species (species except the foreground species). Null hypothesis 

in the branch-site model assumes that all species including foreground species 

have been under neutral selection by fixing the parameter ω2  as 1. The 

median of dN/dS ratios from null hypothesis, therefore, could represent the 

difference of substitution rate on the supposition that there was no directional 

selection pressure since divergence. Three foreground lineages 

(Tetraodontiformes, Takifugu rubripes and Tetraodon nigroviridis) showed 

higher dN/dS medians than the background species. These results indicate 
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that pufferfish had a higher non-synonymous substitution rate per time than 

other fish species generally, even in the supposition of no positive selection 

pressure. 

Under the assumption of positive selection pressure on pufferfish, the 

three lineages showed much higher dN/dS medians than background species 

(Table 3.1). Tetraodon nigroviridis had the highest dN/dS median (0.2300) 

among three lineages, and Takifugu rubripes dN/dS median (0.1956) followed. 

Tetraodontiformes had the lowest dN/dS median (0.1886) among three 

lineages. This result indicates that non-synonymous substitutions occurred 

more frequently after the divergence of two pufferfishes. The dN/dS medians 

of PSGs were arranged differently with alternative foreground (Table 3.1). 

dN/dS medians of PSGs increased sharply in Takifugu rubripes (4.6688) and 

Tetraodon nigroviridis (4.0973). The increase of dN/dS medians in 

Tetraodontiformes PSGs was weaker than Takifugu rubripes and Tetraodon 

nigroviridis. 

The dN/dS analysis was also performed on Poecilia Formosa and 

Xiphophorus maculatus lineages to see if the dN/dS value of pufferfish was 

higher than other fish species (Table 3.4). In the null hypothesis and 

alternative hypothesis, Poecilia Formosa, Xiphophorus maculatus and the 

ancestral lineage Poeciliinae showed similar dN/dS median whereas that of 
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PSGs showed much sharper increase than pufferfish: 1.4144 in Poeciliinae, 

8.4768 in Poecilia Formosa and 8.6474 in Xiphophorus maculatus. These 

results revealed that the strength of positive selection on pufferfishes in PSGs 

is relatively weaker than that of Poecilia Formosa and Xiphophorus 

maculatus. When taken along with the results of previous research as 

discussed above, these results suggest that the strength of positive selection 

on pufferfish is stronger than that of human and mouse or mouse and rat, but 

not stronger than other fish species. Additionally, the dN/dS medians of PSGs 

were bigger in Takifugu rubripes and in Tetraodon nigroviridis than in 

Tetraodontiformes, which indicates that the evolutionary rate was faster 

during the diversification of two pufferfishes after divergence. 
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Table 3.4. Median of dN/dS values of all orthologous genes in Poecilia Formosa and Xiphophorus maculatus 

Foreground branches 
Null 

Background 

Null 

Foreground 

Alternative 

Background 

Alternative 

Foreground 
PSGs 

Poeciliinae 0.1370 0.1598 0.1370 0.1809 1.4144 

Poecilia Formosa 0.1411 0.1742 0.1410 0.1902 8.4768 

Xiphophorus maculatus 0.1406 0.1889 0.1406 0.2126 8.6474 
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3.5.2. Functional annotation of genes for understanding of positive 

selection on pufferfishes 

We performed GO enrichment analysis on PSGs in order to elucidate the 

functional genomic evolution of pufferfish. Figure 3.6 displays GO terms for 

the PSGs from each foreground branch. Only terminals of GO hierarchy are 

visualized, as the terminal terms represent the most specific function among 

related GO terms. For PSGs analysis on Tetraodontiformes, we used Takifugu 

rubripes and Tetraodon nigroviridis as GO backgrounds. As these genes were 

under positive selection after divergence of two pufferfishes from the other 

five fish species (Figure 3.1-3.2), GO terms shared (or not shared) between 

the two backgrounds can be meaningful to understand the functional genomic 

evolution of the pufferfish. At the same time, general interpretation of GO 

functional annotation may suggest mechanisms behind pufferfish 

diversification. 

Enriched GO terms appeared to commonly share general functions 

related to calcium influx and calcium channeling in the cell. This is significant 

as voltage-gated calcium channels have been suggested as a key factor in the 

TTX reaction mechanism involving voltage-gated sodium channels (Nieto, 

Cobos et al. 2012). Three of the identified GO terms from Tetraodontiformes 

PSGs (“Calcium-release channel activity”, “Calcium ion transmembrane 
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transport” and “Ryanodine-sensitive calcium-release channel activity”) were 

directly related to calcium influx. An additional three GO terms related to 

tyrosine kinase (“Peptidyl-tyrosine phosphorylation”, “Transmembrane 

receptor protein tyrosine kinase signaling pathway” and “Transmembrane 

receptor protein tyrosine kinase activity”), which regulates voltage-gated 

calcium channels and calcium concentration in rabbit vascular muscle cells, 

were identified (Lev, Moreno et al. 1995, Wijetunge, Lymn et al. 2000). Ras-

related GTPase subfamily (related to “Ras GTPase binding”) has also been 

reported as a regulator of voltage-gated calcium channel activity through 

binding to the Ca2+ channel in human embryonic kidney cells (Finlin, Crump 

et al. 2003). PSGs from Takifugu rubripes and Tetraodon nigroviridis showed 

enrichment of similar calcium-related GO terms; “Protein tyrosine kinase 

activity” was found enriched in Takifugu rubripes, and “Positive regulation 

of GTPase activity”, “Cellular calcium ion homeostasis”, “Protein 

phosphorylation” and “Calcium-release channel activity” were enriched in 

Tetraodon nigroviridis. These results suggest direction for future study of 

calcium-influx mechanisms of TTX regulation and positive selection.  

 “Collagen trimer”, an enriched CC term, was significantly identified. 

Pufferfish skin is rich in collagen and has been studied as a good collagen 

source for biomedical and industrial uses (Nagai, Araki et al. 2002, Pati, 
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Adhikari et al. 2010). Pufferfish can inflate its body volume for self-defense 

from predators by filling its stomach with water. It has been shown that wavy 

collagen fibers in the dermis help skin to stretch easily and maintain rigid 

balloon form in Diodon holocanthus (a species of Tetraodontiformes) 

(Brainerd 1994). This CC term was shared between the background database 

of Takifugu rubripes and of Tetraodon nigroviridis in Tetraodontiformes 

PSGs, and was also enriched in Tetraodon nigroviridis PSGs (Figure 3.6). 

This result may also indicate an association with the diversification of 

collagen molecules in Tetraodon genes (Jaillon, Aury et al. 2004). 
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This chapter will be published in elsewhere 

as a partial fulfillment of Hyeonju Ahn’s Ph.D program. 

 

 

 

 

 

Chapter 4. Enhanced symbiotic characteristics 

in bacterial genomes with the disruption of 

rRNA operon 
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4.1. Abstract 

Ribosomal RNA is an indispensable molecule in living organisms that 

plays an essential role in protein synthesis. Especially in bacteria, 16S, 23S, 

and 5S rRNAs are usually co-transcribed as an operon. Despite the positive 

effects of rRNA co-transcription on growth and reproduction rate, a recent 

study revealed that bacteria with unlinked rRNA operon are more widespread 

than expected. The correlation between unlinked rRNA operon and bacterial 

lifestyle is yet unclear. In this study, we explored rRNA operon linkage status 

in bacterial genomes and predicted the association with symbiosis. Among 

15,898 bacterial genomes, 574 genomes were found to have unlinked rRNA 

operons and tended to be phylogenetically conserved. Most of them were 

symbionts with reference to SymGenDB and showed stronger symbiotic 

genomic features such as reduced genome size and high AT content. In 

EggNog analysis, they were also found to have significantly fewer genes than 

rRNA operon-linked bacteria in ‘transcription’ and ‘energy production and 

conversion in metabolism’ categories. These genomes also tend to decrease 

RNases related to the synthesis of ribosomes and tRNA processing. Based on 

these results, disruption of rRNA operon seems to be one of the tendencies 

associated with the characteristics of bacteria requiring low dynamic range. 
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4.2. Introduction 

Bacterial ribosomal RNA is varied in the number and typically forms the 

operon which comprises 16S, 23S, and 5S rRNA with an intergenic 

transcription spacer (ITS) (Condon, Philips et al. 1992, Espejo and Plaza 

2018). The bacterial rRNA operon is co-transcribed to compose a ribosome 

for protein synthesis. Because of the importance of rRNA operon, the 

distribution and properties of rRNA operon related to bacterial lifestyle have 

been constantly studied in the analyses of diverse bacterial genomes. rRNA 

operon copy reflects ecological adaptation of bacteria in response to available 

resources (Klappenbach, Dunbar et al. 2000), and rRNA operon copy number 

was shown to decrease in bacterial communities during ecological microbial 

succession (Nemergut, Knelman et al. 2016). Depending on a doubling of 

rRNA copy number, maximum reproductive rate of bacteria also doubled and 

the efficiency of carbon use had negative correlation to maximal growth rate 

and rRNA copy number (Roller, Stoddard et al. 2016). And multiple 16S 

rRNA genes in genome showed concerted evolution where its sequence 

change must be eliminated or shared in every copy, which slows evolution 

rate relative to single copy genes (Espejo and Plaza 2018). 

In previous studies, the typical linked form of rRNA operon has been 

mainly reported and studied from many bacteria, but the disruption of the 
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operon has occasionally been reported from certain genomes. In Pirellula 

marina, the presence of unlinked rRNA operons was revealed from southern 

hybridization (Liesack and Stackebrandt 1989). The distance between 16S 

and 23S rDNA of Thermoplasma acidophilum was at least 7.5 Kb, 6 Kb 

between 23S and 5S rDNA and 1.5 Kb between 16S and 5S rDNA, which 

indicated rRNA operon unlinked (Tu and Zillig 1982). Moreover, Buchnera 

aphidicola had 16S rRNA operon including several ORFs but not 23S rRNA 

(Munson, Baumann et al. 1993), and Wolbachia pipientis had 23S-5S rDNA 

operon in one transcription unit separately from 16S rDNA in other 

transcription unit (Bensaadi-Merchermek, Salvado et al. 1995). 

The extensive distribution of unlinked rRNA operon has not been 

identified until recently. However, following on the accumulation of 

microbial genomic sequence data, a latest research identified rRNA operons 

disruption from large genomic data and reported the spread of unlinked rRNA 

operons in diverse bacterial and archaeal taxa (Brewer, Albertsen et al. 2020). 

The research results firstly presented insights into distributions of unlinked 

rRNA operons in slower-growing taxa with significantly fewer rRNA copies 

and RNase III genes. However, it remains to be questioned what has 

influenced the disruption of rRNA operon. 

Therefore, we unveiled the genomic implications related to unlinked 
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rRNA operon using expanded and more rigorous curation data. Recently, 

issues such as assembly errors or incorrect taxonomy assignments have 

emerged for genomes registered in the public repository (Merchant, Wood et 

al. 2014, Ciufo, Kannan et al. 2018, Steinegger and Salzberg 2020). As these 

can affect our analysis, we used GTDB (Parks, Chuvochina et al. 2018), 

which reclassified bacterial taxonomy based on genome phylogeny and 

examined consistency between annotation information and primer-based 

identification to use only reliable rRNA information. And then, we 

determined whether rRNA operon was unlinked based on the length of the 

ITS and explored which bacteria have unlinked rRNA operon and which 

environments they are closely associated. Also, characteristics of bacterial 

genomes with unlinked rRNA operon were analyzed in consideration of the 

association with their lifestyle. Because operon is one of the microbial genetic 

regulatory systems, we believe there will be certain genetic selection 

associated with transcription/translation regulation or other functional 

metabolic pathways. Therefore, we investigated functional gene alteration in 

rRNA operon-unlinked genome through the Clusters of Orthologous Genes 

(COG) annotation. 
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4.3. Materials and Methods 

4.3.1. Bacterial rRNA data preparation 

In this research, we referred to NCBI RefSeq database 

(https://www.ncbi.nlm.nih.gov/refseq/) for the information of 16S and 23S 

rRNA. We first downloaded whole genome sequences (.fna) and gene 

annotation files (.gff) of 15,898 complete bacterial genomes (except 

‘excluded_from_refseq’ tagged genomes in the RefSeq assembly summary 

file) on 8th January 2020. From each genome annotation file, the information 

of 16S and 23S rRNA for the identification of rRNA operon was collected: 

chromosome IDs, whether circular or linear chromosome, whether sense or 

antisense rRNA, and start/end position. rRNAs marked ‘partial=true’ in the 

annotation file were removed from the collecting process. 

4.3.2. Taxonomy reclassification 

We used the Genome Taxonomy Database (GTDB; version release89) 

(Parks, Chuvochina et al. 2018), which reclassified taxonomy based on 120 

ubiquitous single-copy proteins, to correct misclassified taxonomy in NCBI 

and obtain consistent taxonomy based on genome phylogeny. Of the total 

15,898 complete genomes, 10,008 genomes have already been reclassified in 

GTDB, and the remaining 5,890 genomes have been reclassified taxonomy 
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by performing GTDB-Tk (version 0.3.3) (Chaumeil, Mussig et al. 2019). 

Phylogenetic relationship was calculated using pplacer (Matsen, Kodner et al. 

2010), a dependency of GTDB-Tk, and visualized with iTOL (Letunic and 

Bork 2019). 

4.3.3. Primer-based identification and rRNA filtering 

PCR products are generated on in silico to remove a genome with 

misannotations of rRNA from NCBI and to confirm whether it is an 

experimentally verifiable rRNA sequence. For targeting 16S rRNA gene, 23F: 

5’-AGRGTTYGATYHTGGCTCAG-3’ and 1492R: 5’-

TACCTTGTTAYGACTT-3’ (Barribeau, Parker et al. 2014) were used. In 

case of the 23F, 5’-AGRGTT'Y'GATYMTGGCTCAG-3’ (Daims, Purkhold 

et al. 2001) and 5’-AGRGTTTGATY'H'TGGCTCAG-3’ (Zeng, Koblížek et 

al. 2013) primers were combined. For 23S rRNA, 11a: 5’-

GGAACTGAAACATCTAAGTA-3’ (Van Camp, Chapelle et al. 1993) and 

2241r: 5’-ACCRCCCCAGTHAAACT-3’ (Zeng, Koblížek et al. 2013) were 

used. We generated in silico products using EMBOSS-primersearch (version 

6.6.0.0) (Rice, Longden et al. 2000) and filtered by length (1,000 bp < 16S 

rRNA product < 4,000 bp, 1,000 bp < 23S rRNA product < 6,800 bp). At the 

first time, up to two mismatches were set, and we compared it with annotation 

information. Genomes with different rRNA profiles between two were 
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permitted four mismatches and compared again. If there were still differences, 

the genome was not used for subsequent analyses. 

4.3.4. rRNA operon identification 

To identify rRNA operon structure, the start/end position and direction 

of rRNA in RefSeq annotation was used. The schematic diagram 

summarizing the identification of the rRNA operon is depicted in Figure 4.1. 

As a first step, all rRNAs were arranged by the start site of the genome with 

sense/antisense information. And considering the direction of transcription, 

sense 16S rRNA and following sense 23S rRNA were defined as a rRNA 

operon. Likewise, antisense 23S rRNA and following antisense 16S rRNA 

were defined as a rRNA operon. The rRNAs that did not fit the operon 

structure described above were defined as single rRNA copies. Based on the 

ITS length, the rRNA operon with ITS over 1,500 bp in length was determined 

as an ‘unlinked’ rRNA operon (Brewer, Albertsen et al. 2020) (Figure 4.2A). 

Depending on the presence or the absence of the unlinked rRNA operon, 

genomes were classified into three groups: ‘linked’, ‘mixed’ or ‘unlinked’ 

(Figure 4.2B-D). 
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Figure 4.1. Flow chart of operon status identification from the complete 

genome sequence. 
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Figure 4.2. Schematic diagram of rRNA operon identification in the 

genome sequence. 

(A) rRNA operon diagram; (B) rRNA operon-linked genome; (C) rRNA 

operon-mixed genome; (D) rRNA operon-unlinked genome.  
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4.3.5. Correlation analysis of genomic features of symbiotic bacteria 

The SymGenDB was referred to identify symbiotic bacteria in Refseq 

complete genomes (Reyes-Prieto, Vargas-Chávez et al. 2015). From the 

search for genomes related to Arthropoda, Mammalia, Nematoda and 

Panarthropoda, species that had a NCBI taxonomy ID in the SymGenDB were 

classified as symbiotic bacteria. For the species with two or more taxonomy 

IDs, if any of the IDs were in SymGenDB, they were classified as symbiotic 

bacteria. The principal component analysis (PCA), Kruskal-Wallis rank sum 

test and Dunn-bonferroni post-hoc test for the correlations between genomic 

features and the rRNA operon linkage status in symbiotic bacteria were 

performed by R (version 3.4.4) (Team 2013). Welch Two Sample t-test for 

comparison of genomic features between rRNA operon-unlinked symbionts 

and non-symbionts was also performed by R. 

4.3.6. Comparisons of functional genes between rRNA operon-

linked and unlinked bacteria 

To examine a functional difference between linked and unlinked 

genomes, the following two analyzes were performed using the protein 

sequence (.faa file). First, proteins were classified into functional categories 

using eggnog-mapper (version 2.0.1) with DIAMOND as mapping mode 
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(Huerta-Cepas, Forslund et al. 2017, Huerta-Cepas, Szklarczyk et al. 2019). 

This was performed at the phylum level with Spirochaetota (28 linked; 76 

unlinked), Campylobacterota (308 linked; 191 unlinked), and Chloroflexota 

(11 linked; 27 unlinked), where the difference between the number of linked 

and unlinked genomes was not tripled. Second, we investigated how many 

RNases exist in the genome. The presence or absence of 7 types of RNases 

registered in Pfams was determined using HMMER (version 3.3) with 

sequence search (HMMSearch) (Eddy 2011). To reduce false positives, we 

used gathering cutoff with ‘-cut_ga’ option. The correlation of RNase number 

to rRNA operon-unlinked taxa were calculated using gls function in nlme R 

package with the phylogenetic covariance model of the Brownian motion 

(Pinheiro, Bates et al. 2017, Paradis, Blomberg et al. 2019). 
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4.3. Results 

4.3.1. Confirmation of rRNA operon status 

In this study, we performed taxa reclassification from 15,898 RefSeq 

complete genomes and investigated the status of rRNA operon in two ways. 

According to GTDB Statistics (https://gtdb.ecogenomic.org/stats, accessed 

May 22, 2020), about 45% of the taxonomy of 143,566 genomes were 

changed at the species level. We additionally performed GTDB-Tk on 5,890 

genomes not included in GTDB but in RefSeq. As a result of comparing 

GTDB reclassified taxonomy and NCBI taxonomy for 15,898 RefSeq 

genomes, a total of 28 percent genomes were changed at the species level. 

These included unclassified cases (4.8%) and those classified as placeholder 

taxon (5.1%) because the scientific name was not yet available (Figure 3A). 

Reclassification was also shown at the higher rank with 7.4% (1,174 genomes) 

at the phylum, 21.5% (3,423 genomes) at the class, 27.3% (4,334 genomes) 

at the order, 22.4% (3,560 genomes) at the family, and 7% (1,120 genomes) 

at the genus level. According to a recent proposal (Whitman, Oren et al. 2018), 

‘-ota’ is suffixed at the phylum level in GTDB results. Therefore, we 

performed a comparison after removing the suffix at the phylum level. 

Annotation data in RefSeq is defined by using NCBI prokaryotic 
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genome annotation pipeline (PGAP) where combines alignment-based 

methods with direct gene prediction from sequence (Haft, DiCuccio et al. 

2017). On the other hand, primer-based rRNA sequence identification targets 

universally conserved regions and selects those formed in a specific length 

range. Therefore, if these two identification methods are cross-validated, we 

can solve misannotation and experimentally unverifiable problems that can 

be caused by misassembly, variation in the rRNA sequence (possibly dropped 

by PGAP coverage filtering), primer binding site variation, or unknown 

sequence modification that disturbs identification mechanisms. From our 

comparison, there were 373 genomes inconsistent in total rRNA copy number 

between RefSeq annotation data and in silico rRNA products. Among 373 

genomes, 112 had more rRNAs defined from in silico identification and 261 

had more rRNAs in RefSeq annotation. Three genomes had the same rRNA 

copies but showing discondance in the 16S rRNA or 23S rRNA copy number 

between RefSeq annotation and in silico rRNA products. There was also a 

genome where the 16S rRNA gene was not assembled properly at all 

(GCF_000281215.1; pseudogenic_rRNA). Therefore, we used 15,521 

genomes for subsequent analysis. 

To identify whether rRNA operon is linked or not, ITS length was 

calculated from each rRNA operon. Using the threshold of 1,500 bp in ITS 
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length for rRNA operon linkage status, three groups of bacteria were 

classified: all rRNA operon-linked (14,677 genomes), mixed status (270 

genomes), and all rRNA operon-unlinked (574 genomes) (Figure 4.3B). The 

differences from previous studies on taxonomy and operon status were shown 

in Figure 4.3C and rRNA operon information of all genomes is available in 

Table 4.1. 
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Table 4.1. rRNA operon status in RefSeq complete genome. 

assembly_accession gtdb_taxonomy_d gtdb_taxonomy_p gtdb_taxonomy_c gtdb_taxonomy_o gtdb_taxonomy_f gtdb_taxonomy_g gtdb_taxonomy_s operon genome size 16S rRNA size (average) 
23S rRNA size 

(average) 
AT content (whole genome) 

GCF_000007025.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1268755 1500 2785 67.56119 

GCF_000007365.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_O unlinked 641454 1552 2946 74.66942 

GCF_000007685.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4627366 1513.5 2967 64.95566 

GCF_000007725.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_H unlinked 618379 1566 2949 74.65842 

GCF_000008025.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1267782 1505 2772 64.76516 

GCF_000008045.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia typhi unlinked 1111496 1500 2786 71.0806 

GCF_000008125.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2127482 1522 2894 30.59274 

GCF_000008385.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008385 unlinked 1080084 1503 2798 65.8209 

GCF_000008525.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667867 1498.5 2975.5 61.1243 

GCF_000008685.2 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1521208 1538 2926.5 71.81668 

GCF_000008785.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1643831 1509 2888 60.8113 

GCF_000009025.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1395502 1495 2953 52.97413 

GCF_000009305.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter acinonychis unlinked 1557588 1509 2889 61.83099 

GCF_000009605.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_I unlinked 655725 1540 2913 73.63514 

GCF_000010205.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 2008987 1514 2821 69.48621 

GCF_000010645.1 d__Bacteria p__Bacteroidota c__Bacteroidia o__Bacteroidales f__Dysgonomonadaceae g__Azobacteroides s__Azobacteroides pseudotrichonymphae_B unlinked 1224919 1531 2901 67.05219 

GCF_000011725.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1589954 1511 2890 61.23064 

GCF_000011905.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi unlinked 1469720 1496 2952 51.14974 

GCF_000011945.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma marginale unlinked 1197687 1508 2794 50.23733 

GCF_000012085.2 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia turicatae unlinked 1165365 1544 2941 70.52254 

GCF_000012145.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia felis unlinked 1587240 1509 2785 67.48658 

GCF_000012385.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia bellii unlinked 1522076 1509 2784 68.35414 

GCF_000012565.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia canis unlinked 1315030 1510 2806 71.04226 

GCF_000013125.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma phagocytophilum unlinked 1471282 1510 2795 58.36407 

GCF_000013145.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1176248 1510 2806 69.89929 
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GCF_000013165.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Neorickettsia s__Neorickettsia sennetsu unlinked 859006 1498 2772 58.91565 

GCF_000013245.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1605736 1509 2890 60.93324 

GCF_000013945.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira borgpetersenii unlinked 3931782 1516 3632 59.77089 

GCF_000013965.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira borgpetersenii unlinked 3876235 1515 3632 59.75598 

GCF_000014345.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia canadensis unlinked 1159772 1500 2787 68.94605 

GCF_000016625.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia aeschlimannii unlinked 1376184 1502 2785 67.46591 

GCF_000016705.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1341892 1495 2952 52.82743 

GCF_000017445.4 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1268201 1502 2785 67.55317 

GCF_000017585.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_B s__Campylobacter_B hominis unlinked 1714951 1516 2918 68.2616 

GCF_000017605.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira_A s__Leptospira_A biflexa unlinked 3956089 1498 2934.5 61.10836 

GCF_000017685.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira_A s__Leptospira_A biflexa unlinked 3951448 1498 2934 61.10535 

GCF_000018205.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia akari unlinked 1231060 1500 2781 67.66526 

GCF_000018225.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1257710 1502 2785 67.53258 

GCF_000018245.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia bellii unlinked 1528980 1502 2784 68.37179 

GCF_000019685.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia duttonii unlinked 1574881 1544 2944 71.98842 

GCF_000019705.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia duttonii unlinked 1242163 1544 2944 72.47422 

GCF_000020245.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1608548 1511 2895 61.08528 

GCF_000020305.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma marginale unlinked 1202435 1508 2795 50.2255 

GCF_000020565.1 d__Bacteria p__Bacteroidota c__Bacteroidia o__Cytophagales f__Amoebophilaceae g__Amoebophilus s__Amoebophilus asiaticus unlinked 1884364 1518 2931 64.95497 

GCF_000021065.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_I unlinked 641895 1550 2938 73.70754 

GCF_000021085.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_I unlinked 642122 1550 2938 73.71434 

GCF_000021165.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1663013 1510 2888 61.13007 

GCF_000021405.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1345494 1545 2935 71.73269 

GCF_000021465.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1684038 1509 2889 61.21382 

GCF_000021525.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1314898 1502 2785 67.39671 

GCF_000022105.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira hyodysenteriae unlinked 3036634 1516 2996 72.99928 

GCF_000022285.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1445873 1505 2772 64.83536 

GCF_000022525.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Neorickettsia s__Neorickettsia risticii unlinked 879977 1498 2788 58.72869 

GCF_000022785.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111612 1509 2785 70.99977 
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GCF_000023005.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1290917 1503 2785 67.58971 

GCF_000023805.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1568826 1511 2889 61.0591 

GCF_000024425.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Meiothermus s__Meiothermus ruber unlinked 3097457 1494 2896 36.61562 

GCF_000024505.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma centrale unlinked 1206806 1505 2794 50.01508 

GCF_000025025.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_A unlinked 1413462 1495 2952 52.72862 

GCF_000025185.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Pirellula s__Pirellula staleyi unlinked 6196199 1525 2895 42.5353 

GCF_000025585.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1360154 1495 2952 52.68551 

GCF_000026005.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia ruminantium unlinked 1516355 1509 2797 72.52121 

GCF_000050405.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia ruminantium unlinked 1499920 1509 2797 72.4874 

GCF_000050425.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia ruminantium unlinked 1512977 1509 2797 72.52113 

GCF_000063545.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 2127051 1514 2822 69.46895 

GCF_000090965.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_F unlinked 422434 1553 2950 79.79992 

GCF_000091345.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1576758 1510 2890 60.84079 

GCF_000091545.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2116056 1504 2915 30.50368 

GCF_000092105.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Planctopirus s__Planctopirus limnophila unlinked 5460085 1533 2807 46.31554 

GCF_000092125.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Meiothermus_B s__Meiothermus_B silvanus unlinked 3721669 1496 2883 37.2847 

GCF_000092565.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4698134 1508.5 2912 64.97507 

GCF_000092845.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira murdochii unlinked 3241804 1523 2996 72.24857 

GCF_000093185.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1595604 1511 2890 61.05556 

GCF_000143165.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalogenimonas s__Dehalogenimonas lykanthroporepellens unlinked 1686510 1498 2955 44.95562 

GCF_000143725.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira pilosicoli unlinked 2586443 1514 2995 72.103 

GCF_000148665.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1549666 1509 2890 60.70121 

GCF_000148855.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1658051 1510 2890 61.1009 

GCF_000148875.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1638269 1511 2888.5 61.08942 

GCF_000148895.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1635449 1511 2891 61.13618 

GCF_000148915.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1567570 1511 2893 60.90835 

GCF_000165715.2 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Rubinisphaera s__Rubinisphaera brasiliensis unlinked 6006602 1502 2705 43.55136 

GCF_000166635.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1339539 1545 2935 71.73222 

GCF_000178935.2 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1566655 1511 2889 61.13292 
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GCF_000179035.2 d__Bacteria p__Firmicutes c__Bacilli o__Mycoplasmatales f__Mycoplasmoidaceae g__Eperythrozoon_A s__Eperythrozoon_A suis unlinked 742431 1505 2943 68.92385 

GCF_000183225.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_I unlinked 641799 1550 2938 73.70251 

GCF_000183245.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_I unlinked 641770 1550 2938 73.70195 

GCF_000183285.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_I unlinked 641716 1550 2938 73.71361 

GCF_000183745.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Marinithermaceae g__Oceanithermus s__Oceanithermus profundus unlinked 2439291 1538 2921 30.18525 

GCF_000185185.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1675918 1510 2890 61.10257 

GCF_000185205.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1712468 1509 2891 60.87617 

GCF_000185225.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1640673 1510 2886 61.13473 

GCF_000185245.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_A unlinked 1679829 1509 2889 61.5752 

GCF_000190555.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus proteolyticus unlinked 2886836 1502 2881 34.36094 

GCF_000192315.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1548238 1509 2890 60.69894 

GCF_000192335.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1562832 1509 2890 60.70653 

GCF_000195335.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Marinithermaceae g__Marinithermus s__Marinithermus hydrothermalis unlinked 2269167 1536 2922 31.92418 

GCF_000195735.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111523 1507 2761 70.9997 

GCF_000196115.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Rhodopirellula s__Rhodopirellula baltica unlinked 7145576 1515 2893 44.59671 

GCF_000196755.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1680029 1510 2889 61.21555 

GCF_000200595.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter_E s__Helicobacter_E felis unlinked 1672681 1502 2894 55.49133 

GCF_000203215.1 d__Bacteria p__Firmicutes c__Bacilli o__Mycoplasmatales f__Mycoplasmoidaceae g__Eperythrozoon_A s__Eperythrozoon_A suis unlinked 709270 1505 2943 68.92284 

GCF_000213135.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1617426 1511 2890 61.27743 

GCF_000214845.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2303227 1522 2897 31.38175 

GCF_000217635.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_G unlinked 444925 1554 2951 76.96803 

GCF_000219355.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Midichloriaceae g__Midichloria s__Midichloria mitochondrii unlinked 1183732 1500 2778 63.44646 

GCF_000221205.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1278471 1500 2785 67.67701 

GCF_000222305.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella bissettii unlinked 1403443 1543 2934.5 71.66469 

GCF_000223215.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira intermedia unlinked 3308048 1515 2996 72.78746 

GCF_000224535.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1637762 1511 2889 61.09526 

GCF_000224555.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1646139 1511 2889 61.17685 

GCF_000224575.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1610830 1510 2891 61.00464 

GCF_000225445.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_A unlinked 653223 1549 2942 74.33051 
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GCF_000225465.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_B unlinked 627953 1556 2945 75.81953 

GCF_000231175.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4708530 1514 2967 64.9721 

GCF_000236585.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus sp000236585 unlinked 2263488 1521 2925 31.42067 

GCF_000237845.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1275089 1500 2785 67.49874 

GCF_000238975.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Serratia_D s__Serratia_D symbiotica_A unlinked 1762765 1543 2927 70.77376 

GCF_000252365.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1275720 1500 2785 67.49828 

GCF_000255955.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1669876 1509 2889 61.12352 

GCF_000258245.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2311212 1522 2916.5 31.02204 

GCF_000259235.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1607584 1510 2888 60.95787 

GCF_000259255.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter cetorum_B unlinked 1960111 1506 2887 65.46537 

GCF_000259275.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter cetorum unlinked 1847790 1508 2888 64.46322 

GCF_000262655.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1656544 1510 2891 61.42747 

GCF_000270005.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1575399 1511 2889 61.1155 

GCF_000270025.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1579693 1511 2891 61.19746 

GCF_000270045.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1581461 1510 2890 61.14315 

GCF_000270065.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1609006 1511 2891 61.27249 

GCF_000277165.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1109804 1500 2785 70.99398 

GCF_000277185.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111454 1500 2785 71.00015 

GCF_000277205.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111445 1500 2785 70.99974 

GCF_000277245.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111969 1500 2785 71.01295 

GCF_000277265.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1112101 1500 2785 71.01037 

GCF_000277285.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia typhi unlinked 1112372 1500 2786 71.08108 

GCF_000277305.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia typhi unlinked 1112957 1500 2786 71.07984 

GCF_000277365.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1665719 1511 2895 61.22942 

GCF_000277385.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1616909 1510 2891 61.13616 

GCF_000277405.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1663456 1511 2890 61.22735 

GCF_000277425.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1660685 1510 2888 60.98158 

GCF_000277795.1 d__Bacteria p__Firmicutes c__Bacilli o__Mycoplasmatales f__Mycoplasmoidaceae g__Eperythrozoon_A s__Eperythrozoon_A wenyonii_B unlinked 650228 1480 2941 66.07775 

GCF_000281235.1 d__Bacteria p__Firmicutes c__Bacilli o__Mycoplasmatales f__Mycoplasmoidaceae g__Eperythrozoon_A s__Eperythrozoon_A haemolamae unlinked 756845 1494 2929 60.72934 
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GCF_000283595.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1283087 1509 2784 67.64997 

GCF_000283775.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1270083 1502 2785 67.54252 

GCF_000283795.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1267197 1502 2785 67.55879 

GCF_000283815.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1269837 1502 2785 67.54615 

GCF_000283915.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia canadensis unlinked 1150228 1500 2787 68.98624 

GCF_000283935.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1270751 1500 2785 67.52716 

GCF_000283955.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1255681 1502 2785 67.54932 

GCF_000283995.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1287740 1500 2785 67.53126 

GCF_000284055.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia amblyommatis unlinked 1480884 1509 2785 67.52332 

GCF_000284075.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia aeschlimannii unlinked 1305467 1502 2786 67.60546 

GCF_000284115.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__Phycisphaerales f__Phycisphaeraceae g__Phycisphaera s__Phycisphaera mikurensis unlinked 3884382 1508 2779 26.78115 

GCF_000284155.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia australis unlinked 1323280 1500 2783 67.71575 

GCF_000284175.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia amblyommatis unlinked 1279798 1500 2785 67.42814 

GCF_000284195.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1300386 1501 2785 67.56632 

GCF_000287335.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__GCF-000287335 s__GCF-000287335 sp000287335 unlinked 1441139 1545 3029 56.7098 

GCF_000287355.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__GCF-000287355 s__GCF-000287355 sp000287355 unlinked 1121596 1551 2985 71.09735 

GCF_000296575.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira pilosicoli unlinked 2765477 1514 2995 72.21257 

GCF_000304455.1 d__Bacteria p__Bacteroidota c__Bacteroidia o__Cytophagales f__Amoebophilaceae g__Cardinium s__Cardinium sp000304455 unlinked 944930 1532 2899 63.68461 

GCF_000306675.2 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira mayottensis unlinked 4216282 1514 2968 60.43453 

GCF_000306885.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000306885 unlinked 957990 1504 2789 67.93004 

GCF_000307795.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667892 1507.5 2888.5 61.12452 

GCF_000307815.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667883 1506.5 2888.5 61.12479 

GCF_000307835.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667890 1506.5 2888.5 61.12412 

GCF_000309885.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus oshimai unlinked 2401329 1515 2882.5 31.44421 

GCF_000313175.2 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira santarosai unlinked 3983611 1515 3416 58.18339 

GCF_000315955.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1636125 1511 2892 61.27081 

GCF_000317875.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1507930 1511 2890.5 60.795 

GCF_000325665.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira pilosicoli unlinked 2555556 1514 2995 72.08267 

GCF_000341655.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1431902 1495 2952 52.9282 
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GCF_000341695.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1452335 1495 2952 52.71546 

GCF_000348865.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1616617 1510 2892 61.26992 

GCF_000348885.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1595436 1511 2890 61.22784 

GCF_000363905.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111520 1509 2785 71.00025 

GCF_000367405.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1109301 1509 2785 70.99426 

GCF_000376585.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000376585 unlinked 1301823 1504 2765 65.98939 

GCF_000376605.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1295804 1505 2772 64.90866 

GCF_000392435.1 d__Bacteria p__Patescibacteria c__Saccharimonadia o__Saccharimonadales f__Saccharimonadaceae g__Saccharimonas s__Saccharimonas aalborgensis unlinked 1013781 1506 3214 51.48617 

GCF_000392455.3 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1593537 1511 2889 61.17837 

GCF_000392475.3 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1594569 1511 2889 61.18117 

GCF_000392515.3 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1692794 1510 2887 61.10685 

GCF_000392535.3 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1658047 1511 2891 61.38336 

GCF_000439295.2 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1594544 1511 2889 61.18069 

GCF_000439755.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma phagocytophilum unlinked 1477581 1508 2795 58.35491 

GCF_000439775.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma phagocytophilum unlinked 1481598 1508 2795 58.3553 

GCF_000444465.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 910736 1545 2935 71.39852 

GCF_000445425.4 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 937966 1544 2941 71.28617 

GCF_000477415.1 d__Bacteria p__Firmicutes c__Bacilli o__Mycoplasmatales f__Mycoplasmoidaceae g__Eperythrozoon_A s__Eperythrozoon_A parvum unlinked 564395 1507 2945 73.02492 

GCF_000498315.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1660425 1510 2888 61.12435 

GCF_000498335.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1660469 1509 2888 61.12472 

GCF_000499365.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_A unlinked 1407418 1495 2952 52.99648 

GCF_000499665.2 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia buchneri unlinked 1353450 1509 2787 67.60952 

GCF_000508225.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia muris unlinked 1196717 1512 2807 70.33593 

GCF_000508245.1 d__Bacteria p__Firmicutes c__Bacilli o__Mycoplasmatales f__Mycoplasmoidaceae g__Eperythrozoon_A s__Eperythrozoon_A ovis unlinked 702511 1482.5 2937 68.30754 

GCF_000512145.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia turicatae unlinked 1030684 1544 2941 71.11151 

GCF_000521525.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_C unlinked 651306 1548 2946 74.55175 

GCF_000521545.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_C unlinked 651304 1548 2947 74.55059 

GCF_000521565.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_C unlinked 651316 1548 2947 74.55245 

GCF_000521585.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_C unlinked 651310 1548 2947 74.55405 
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GCF_000530755.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000306885 unlinked 960618 1504 2789 67.93189 

GCF_000590775.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_A unlinked 1622903 1508 2891.5 61.41168 

GCF_000600045.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1633212 1510 2888 61.19346 

GCF_000600085.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1637925 1510 2888 61.189 

GCF_000600125.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1553826 1511 2890 61.02743 

GCF_000600145.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1599700 1511 2888 61.20491 

GCF_000600165.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1634852 1510 2894 61.17129 

GCF_000600185.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1595058 1511 2891 61.17972 

GCF_000600205.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1600345 1511 2890 61.19631 

GCF_000600225.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1634875 1510 2888 61.17428 

GCF_000632815.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1172721 1510 2806 69.8942 

GCF_000632845.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia sp000632845 unlinked 1148904 1512 2807 70.35061 

GCF_000632865.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1176890 1510 2806 69.89523 

GCF_000632885.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1176202 1510 2806 69.89454 

GCF_000632905.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1175197 1510 2806 69.89033 

GCF_000632925.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1173884 1510 2806 69.90026 

GCF_000632945.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1174357 1510 2806 69.89834 

GCF_000632965.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia chaffeensis unlinked 1170935 1510 2806 69.9026 

GCF_000632985.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Neorickettsia s__Neorickettsia helminthoeca unlinked 884232 1498 2786 58.30687 

GCF_000685625.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1650561 1510 2889 61.07033 

GCF_000685665.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1604233 1510 2890 61.03602 

GCF_000685705.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1659060 1510 2888 61.12377 

GCF_000685745.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1604212 1510 2890 61.03595 

GCF_000689635.2 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__Anaplasma phagocytophilum unlinked 1545197 1510 2795 58.25296 

GCF_000723165.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Burkholderiales f__Burkholderiaceae g__Janthinobacterium s__Janthinobacterium agaricidamnosum unlinked 5949001 1540 2901 38.92422 

GCF_000724625.1 d__Bacteria p__Armatimonadota c__Fimbriimonadia o__Fimbriimonadales f__Fimbriimonadaceae g__Fimbriimonas s__Fimbriimonas ginsengisoli unlinked 5231762 1513 2973 39.17332 

GCF_000730245.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Midichloriaceae g__Jidaibacter s__Jidaibacter sp000730245 unlinked 1615277 1511 2766 65.24336 

GCF_000739475.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella valaisiana unlinked 992695 1543 2935 71.97609 

GCF_000746585.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Arcanobacteraceae g__Ac37b s__Ac37b sp000746585 unlinked 1917564 1560 2768 69.23174 
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GCF_000800395.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus swuensis unlinked 3531443 1506.667 2900 32.58872 

GCF_000803625.1 d__Bacteria p__Patescibacteria c__Saccharimonadia o__Saccharimonadales f__Saccharimonadaceae g__TM7x s__TM7x sp000803625 unlinked 705138 1486 3110 55.54672 

GCF_000807295.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 907293 1544 2941 71.28105 

GCF_000817025.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1586473 1511 2890.5 61.29502 

GCF_000826985.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667638 1476.5 2878.5 61.12502 

GCF_000827025.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667303 1478 2878.5 61.12506 

GCF_000828955.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1696917 1509 2888 61.19292 

GCF_000829095.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667638 1476.5 2878.5 61.12502 

GCF_000829115.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667239 1462.5 2878 61.12531 

GCF_000829135.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667302 1476.5 2878.5 61.1251 

GCF_000829315.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000829315 unlinked 1250060 1504 2799 63.7495 

GCF_000830885.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1362151 1495 2952 52.78394 

GCF_000830905.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi unlinked 1382308 1496 2952 51.2804 

GCF_000830925.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_A unlinked 1486678 1495 2952 53.06798 

GCF_000831525.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1257005 1502 2785 67.53251 

GCF_000831545.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1269809 1502 2785 67.54677 

GCF_000941035.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4915652 1514 2967 64.9546 

GCF_000953315.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1268461 1505 2772 64.77543 

GCF_000956315.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia hermsii unlinked 922280 1544 2942 70.17294 

GCF_000982695.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1698366 1509 2888 60.95365 

GCF_001007995.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus soli unlinked 3236984 1508 2889.333 29.79721 

GCF_001010485.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_A unlinked 1473548 1496 2952 53.08677 

GCF_001010765.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4721584 1514 2967 64.97303 

GCF_001047635.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4667405 1513.5 2967 65.01013 

GCF_001047655.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4667354 1514 2967 65.01015 

GCF_001273795.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia amblyommatis unlinked 1456213 1509 2785 67.59258 

GCF_001280225.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_E unlinked 638851 1547 2940 74.37932 

GCF_001293065.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4762150 1515 2967 64.98254 

GCF_001399775.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus aquaticus unlinked 2338641 1520 2915 31.96314 
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GCF_001433495.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1667159 1509 2887.5 61.19038 

GCF_001433515.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1631276 1510 2885 60.9914 

GCF_001442475.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia aeschlimannii unlinked 1448632 1509 2786 67.73163 

GCF_001444465.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira borgpetersenii unlinked 4037579 1514 2965.5 59.8072 

GCF_001507665.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus actinosclerus unlinked 3264334 1506 2891 29.40085 

GCF_001534665.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Arsenophonus_A s__Arsenophonus_A lipoptenae unlinked 836724 1573 2935 75.12884 

GCF_001535545.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus parvatiensis unlinked 2016098 1522 2915 31.46767 

GCF_001545155.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Pseudomonadales f__Halomonadaceae g__Halomonas s__Halomonas chromatireducens unlinked 3973651 1549 2813 37.19481 

GCF_001547795.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1451056 1495 2952 53.00664 

GCF_001549715.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1629815 1510 2890 61.30745 

GCF_001549855.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1562125 1510 2888 61.08429 

GCF_001549875.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1635334 1509.5 2890 61.36025 

GCF_001602215.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia prowazekii unlinked 1111769 1500 2785 71 

GCF_001610775.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1467912 1495 2952 53.08397 

GCF_001610835.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Planctomyces_A s__Planctomyces_A sp001610835 unlinked 8442773 1499 2873 34.44069 

GCF_001610855.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Gemmatales f__Gemmataceae g__Gemmata s__Gemmata massiliana unlinked 9045424 1506 2757 35.77558 

GCF_001610875.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Pirellula_B s__Pirellula_B sp001610875 unlinked 6534136 1507 2886 45.75269 

GCF_001638825.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus radiodurans unlinked 3344765 1507 2878 33.40943 

GCF_001644565.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus puniceus unlinked 2971983 1509 2880 37.35126 

GCF_001648115.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_N unlinked 607835 1556 2951 74.2055 

GCF_001653375.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1617826 1509 2890 61.17494 

GCF_001653395.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1614411 1510 2889 61.33122 

GCF_001653415.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1659899 1509 2889 61.05558 

GCF_001653435.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1510564 1509 2888 61.04832 

GCF_001653455.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_A unlinked 1570310 1506 2889 61.27886 

GCF_001653475.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1531450 1509 2891 61.22015 

GCF_001660005.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia hermsii unlinked 1390006 1544 2942 69.73164 

GCF_001676785.2 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira hyodysenteriae unlinked 3074045 1516 2996 72.9625 

GCF_001700895.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_D unlinked 636266 1547 2942 74.52842 
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GCF_001708485.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Pseudomonadales f__Pseudomonadaceae g__Pseudomonas_E s__Pseudomonas_E lurida unlinked 6253326 1538 2916 39.26018 

GCF_001729245.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira alstonii_A unlinked 4591888 1515 2969 57.57804 

GCF_001865535.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_D s__Campylobacter_D coli unlinked 1924810 1518 2923 68.84737 

GCF_001880325.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus brockianus unlinked 2388273 1525.5 2879 33.09764 

GCF_001889305.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_A unlinked 1521287 1496 2952 53.08729 

GCF_001922545.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella garinii unlinked 1156110 1543 2935 71.85666 

GCF_001931755.2 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp001931755 unlinked 1801626 1504 2772 65.64903 

GCF_001936255.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia anserina unlinked 1042690 1544 2942 70.63231 

GCF_001936295.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella mayonii unlinked 1302058 1543 2934 72.16353 

GCF_001945665.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella mayonii unlinked 1311545 1543 2934 72.11289 

GCF_001950995.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1268220 1502 2785 67.55248 

GCF_001951015.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1268242 1502 2785 67.55249 

GCF_001953175.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalogenimonas s__Dehalogenimonas formicexedens unlinked 2092789 1493 2952 46.03727 

GCF_001969365.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rhodobacterales f__Rhodobacteraceae g__Tateyamaria s__Tateyamaria omphalii unlinked 4315457 1463 2836 38.03952 

GCF_001983935.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Fuerstia s__Fuerstia marisgermanicae unlinked 8920478 1548 2761 44.09949 

GCF_001991095.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1624538 1510 2888 60.99205 

GCF_001997385.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__SG8-4 f__SM-Chi-D1 g__ST-PulAB-D4 s__ST-PulAB-D4 sp001997385 unlinked 2951611 1540 2815 53.79757 

GCF_001999965.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__SG8-4 f__SM-Chi-D1 g__SM-Chi-D1 s__SM-Chi-D1 sp001999965 unlinked 3868357 1564 3170.5 52.95783 

GCF_002005525.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1624943 1510 2888 60.98952 

GCF_002007645.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__SG8-4 f__SG8-4 g__ST-NAGAB-D1 s__ST-NAGAB-D1 sp002007645 unlinked 4250973 1541 2929 48.02221 

GCF_002007825.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi unlinked 1329198 1456 2952 50.86052 

GCF_002007845.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1428463 1495 2952 52.56699 

GCF_002007865.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1394319 1495 2952 52.49767 

GCF_002007905.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi unlinked 1271604 1456 2952 50.71563 

GCF_002021775.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1337486 1495 2952 52.41124 

GCF_002021925.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_A s__Campylobacter_A pinnipediorum unlinked 1782665 1514 2912 69.58223 

GCF_002021945.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_A s__Campylobacter_A pinnipediorum unlinked 1744112 1514 2912 69.5722 

GCF_002021965.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_A s__Campylobacter_A pinnipediorum unlinked 1635222 1514 2912 69.69818 

GCF_002021985.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_A s__Campylobacter_A pinnipediorum_A unlinked 1705426 1514 2912 69.56678 
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GCF_002022005.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_A s__Campylobacter_A pinnipediorum_A unlinked 1758337 1514 2912 69.52558 

GCF_002024205.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1337731 1495 2952 52.80456 

GCF_002024225.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1359904 1495 2952 52.66673 

GCF_002028285.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1388914 1495 2952 52.69412 

GCF_002073495.2 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4630763 1514 2966.5 64.95584 

GCF_002078335.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia amblyommatis unlinked 1480876 1502 2785 67.52368 

GCF_002080395.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_D s__Campylobacter_D helveticus unlinked 1871495 1514 3078 65.63737 

GCF_002104335.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_D s__Campylobacter_D cuniculorum unlinked 1937768 1516 4154.5 68.83843 

GCF_002117005.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__SG8-4 f__SM-Chi-D1 g__ST-PulAB-D4 s__ST-PulAB-D4 sp002117005 unlinked 3192293 1544 2815 53.68643 

GCF_002151465.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1288112 1545 2935 71.65052 

GCF_002151485.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1301554 1545 2935 71.49392 

GCF_002151505.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1341182 1545 2935 71.55092 

GCF_002214625.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Anaplasma s__ unlinked 1214674 1505 2791 51.11495 

GCF_002214805.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira hampsonii unlinked 3189639 1515 2996 72.61947 

GCF_002220755.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_B s__Campylobacter_B sputorum unlinked 1725016 1743 2906 70.36851 

GCF_002220775.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_B s__Campylobacter_B sputorum unlinked 1681311 1745 3580 70.74004 

GCF_002222575.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1584869 1510 2891 61.16474 

GCF_002277955.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Thermoguttaceae g__Thermogutta s__Thermogutta terrifontis unlinked 4810751 1548 2926 42.66026 

GCF_002285905.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia sp002285905 unlinked 1378618 1509 2784 67.54279 

GCF_002355995.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus_C unlinked 2140665 1522 2892.5 31.01004 

GCF_002356375.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi unlinked 1387782 1496 2952 51.20091 

GCF_002356595.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1578351 1510 2891 61.1122 

GCF_002356695.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284030 1500 2784 67.64616 

GCF_002357115.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284030 1502 2784 67.64632 

GCF_002357135.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1283942 1502 2784 67.64659 

GCF_002357155.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1283227 1502 2784 67.64844 

GCF_002357175.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284030 1502 2784 67.64624 

GCF_002357195.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284037 1502 2784 67.64634 

GCF_002357215.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284030 1502 2784 67.64616 
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GCF_002357235.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284009 1502 2784 67.64664 

GCF_002357255.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284028 1502 2784 67.64619 

GCF_002357275.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1283942 1502 2784 67.64667 

GCF_002357295.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1284030 1502 2784 67.64655 

GCF_002374845.2 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__ unlinked 1483853 1504 2771 65.56856 

GCF_002379145.2 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__ unlinked 1482279 1505 2772 65.54461 

GCF_002442595.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1410009 1545 2935 71.70493 

GCF_002741665.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 1405837 1544 2940 71.30215 

GCF_002741765.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 1332077 1544 2940 71.27899 

GCF_002741785.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 1301836 1544 2940 71.21442 

GCF_002741805.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 1428106 1544 2940 71.28617 

GCF_002741825.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 1420615 1544 2940 71.17692 

GCF_002741845.2 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 1377187 1544 2940 71.28117 

GCF_002831565.1 d__Bacteria p__Bacteroidota c__Bacteroidia o__Cytophagales f__Spirosomaceae g__Spirosoma s__Spirosoma sp002831565 unlinked 8794837 1517 2633 52.15392 

GCF_002850235.1 d__Bacteria p__Spirochaetota c__Brachyspirae o__Brachyspirales f__Brachyspiraceae g__Brachyspira s__Brachyspira hyodysenteriae unlinked 3034648 1515 2996 72.96846 

GCF_002850375.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus hominis unlinked 2253412 1342 2926 68.64213 

GCF_002850395.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus aureus unlinked 2729453 1554 2926 67.27784 

GCF_002850415.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus aureus unlinked 2731897 1554 2926 67.27432 

GCF_002879995.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Ehrlichia s__Ehrlichia canis unlinked 1314789 1509 2806 71.02927 

GCF_002906495.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1670779 1509 2888 61.11383 

GCF_002906515.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1666879 1509 2888 61.11097 

GCF_002906535.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1666471 1509 2888 61.11898 

GCF_002906555.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1666735 1509 2888 61.11367 

GCF_002951975.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674002 1509 2889 61.19843 

GCF_002952335.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674120 1509 2889 61.20601 

GCF_002952355.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674080 1509 2889.5 61.20508 

GCF_002952375.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674163 1509 2889 61.20629 

GCF_002952455.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674015 1509 2889 61.20489 

GCF_002952475.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674013 1509 2889 61.2052 
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GCF_002952495.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674013 1509 2889 61.20502 

GCF_002952515.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674018 1509 2889 61.20496 

GCF_002952535.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674019 1509 2889 61.20474 

GCF_002952555.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674009 1509 2889 61.20379 

GCF_002952575.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1673951 1509 2889 61.20502 

GCF_002952595.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674009 1509 2889 61.20517 

GCF_002952615.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674020 1509 2889 61.205 

GCF_002952635.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674026 1509 2889 61.20508 

GCF_002952655.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674010 1509 2889 61.20507 

GCF_002952675.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1674018 1509 2889 61.20573 

GCF_002953415.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus sp002953415 unlinked 3567228 1510 2877 30.2933 

GCF_002953555.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1668735 1509 2888 61.11288 

GCF_002983705.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1645738 1508 2887.5 60.81752 

GCF_003015145.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Phycorickettsia s__Phycorickettsia trachydisci unlinked 1472411 1504 2750 65.9337 

GCF_003050665.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1680898 1509 2887.5 61.17409 

GCF_003072485.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Fokiniales f__Fokiniaceae g__Fokinia s__Fokinia solitaria unlinked 837348 1523 2709 64.21201 

GCF_003097575.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter_D s__Helicobacter_D apodemus unlinked 2067954 1498 3428.667 66.86005 

GCF_003099975.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_O unlinked 653353 1552 2946 74.65168 

GCF_003173015.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus sp003173015 unlinked 3052043 1505.667 2886 32.97991 

GCF_003176915.1 d__Bacteria p__Bacteroidota c__Bacteroidia o__Cytophagales f__Amoebophilaceae g__Cardinium s__Cardinium hertigii unlinked 1193042 1530 2905 61.84527 

GCF_003254845.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira borgpetersenii unlinked 3907328 1514 3632 59.77934 

GCF_003345215.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus wulumuqiensis unlinked 3778576 1504.667 2880 34.37041 

GCF_003351905.1 d__Bacteria p__Bacteroidota c__Bacteroidia o__Cytophagales f__Amoebophilaceae g__Cardinium s__ unlinked 1103593 1530 2897 60.76597 

GCF_003352065.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rhodobacterales f__Rhodobacteraceae g__Sulfitobacter s__ unlinked 4190786 1466 2844 43.41389 

GCF_003367295.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella burgdorferi unlinked 1280240 1545 2935 71.76225 

GCF_003429505.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira mayottensis unlinked 4138212 1514 2967 60.46665 

GCF_003429525.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira mayottensis unlinked 4247041 1514 2968 60.39136 

GCF_003431845.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 978929 1544 2941 71.45002 

GCF_003444775.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus ficus unlinked 4157290 1503 2891.333 30.05951 
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GCF_003454715.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1283254 1500 2784 67.64865 

GCF_003516145.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira borgpetersenii unlinked 3992782 1514 2966 59.91454 

GCF_003568645.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia turicatae unlinked 1305758 1544 2941 70.64678 

GCF_003606285.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__ unlinked 1283624 1544 2942 70.03538 

GCF_003606325.2 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rhizobiales f__Rhizobiaceae g__Bartonella s__ unlinked 2276164 1496 2821 61.60286 

GCF_003612735.1 d__Bacteria p__Firmicutes c__Bacilli o__Bacillales f__Bacillaceae g__Bacillus s__Bacillus subtilis unlinked 4145727 1145 2958 56.53826 

GCF_003636855.2 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1678260 1509 2887.5 61.26423 

GCF_003640585.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1590969 1512.5 2886.5 61.21779 

GCF_003716785.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira borgpetersenii unlinked 3935911 1515 3632 59.8342 

GCF_003722295.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira kmetyi unlinked 4416922 1514 2968 55.16989 

GCF_003814405.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__Borreliella garinii unlinked 1229416 1543 2935 71.90146 

GCF_003855475.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1563701 1509.5 2889 61.09045 

GCF_003860465.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__ unlinked 4397705 1510 2890 38.90843 

GCF_003932735.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__33-17 g__ s__ unlinked 1738386 1506 2763 66.98668 

GCF_003939085.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1658454 1509 2888 61.15057 

GCF_003957395.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1637442 1510 2889 61.27191 

GCF_004088075.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1514674 1508 2889 61.03914 

GCF_004171285.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__ unlinked 1484007 1505 2771 65.57462 

GCF_004295525.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1680829 1509.5 2888 61.17261 

GCF_004295545.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1609151 1509 2888 60.97644 

GCF_004345065.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_D s__Campylobacter_D helveticus unlinked 1914649 1659.667 3019.667 65.691 

GCF_004684245.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__ unlinked 2447659 1519 2882 34.85669 

GCF_004684285.1 d__Bacteria p__Chloroflexota c__Dehalococcoidia o__Dehalococcoidales f__Dehalococcoidaceae g__Dehalococcoides s__Dehalococcoides mccartyi_B unlinked 1422358 1495 2952 52.97787 

GCF_004795935.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008385 unlinked 1080064 1503 2798 65.82277 

GCF_004795955.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000376585 unlinked 1273527 1505 2765 66.00323 

GCF_004795975.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000376585 unlinked 1273530 1505 2765 66.003 

GCF_005222565.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4740090 1513.5 2967 64.98493 

GCF_005222585.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4651137 1514 2967 64.96334 

GCF_005222625.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 5071735 1514 2967 64.81918 
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GCF_005549115.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1348030 1501 2785 67.55124 

GCF_005697215.1 d__Bacteria p__Patescibacteria c__Saccharimonadia o__Saccharimonadales f__Saccharimonadaceae g__TM7x s__ unlinked 889964 1578 3114 49.42245 

GCF_005697395.1 d__Bacteria p__Patescibacteria c__Saccharimonadia o__Saccharimonadales f__Saccharimonadaceae g__TM7x s__TM7x sp000803625 unlinked 705178 1482 3110 55.54839 

GCF_005697565.1 d__Bacteria p__Patescibacteria c__Saccharimonadia o__Saccharimonadales f__Saccharimonadaceae g__TM7x s__ unlinked 782344 1482 3109 52.03644 

GCF_005706435.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus haemolyticus unlinked 2615683 1553 2926 67.17978 

GCF_005706855.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus aureus unlinked 2833713 1554 2927 67.20105 

GCF_005707215.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus aureus unlinked 2792262 1554 2924 67.22299 

GCF_005707335.1 d__Bacteria p__Firmicutes c__Bacilli o__Staphylococcales f__Staphylococcaceae g__Staphylococcus s__Staphylococcus aureus unlinked 2747225 1554 2925 67.28204 

GCF_006337265.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1636444 1509 2888 61.13329 

GCF_006337285.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1649543 1509 2888 61.08916 

GCF_006337305.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1580965 1509 2888 60.89167 

GCF_006337325.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1588985 1509 2888 60.89359 

GCF_006337345.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1611628 1509 2890 61.00496 

GCF_006337365.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1540135 1509 2888 60.84519 

GCF_006337385.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1583343 1509 2888 60.95205 

GCF_006337405.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1709363 1509 2889 61.27622 

GCF_006337425.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1634797 1509 2888 61.06006 

GCF_006337445.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1579431 1509 2888 60.88484 

GCF_006337465.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1609437 1509 2887 61.04607 

GCF_006337485.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1690720 1509 2888 61.23687 

GCF_006337625.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1610187 1509 2890 60.9995 

GCF_006337745.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1643421 1510 2886 61.08021 

GCF_006337875.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1659500 1507 2888 61.14661 

GCF_006338045.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1679162 1509 2888 61.22697 

GCF_006338145.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1582133 1509 2888 60.95208 

GCF_006338285.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1599658 1509 2890 60.8852 

GCF_006338415.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1706376 1509 2889 61.27249 

GCF_006338545.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1619300 1509 2886 60.92997 

GCF_006338685.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1637783 1509 2888 61.14363 
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GCF_006338815.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1601381 1509 2888 61.00353 

GCF_006338945.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1638022 1509 2888 61.13123 

GCF_006339065.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1628623 1509 2890 61.07669 

GCF_006339235.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1540214 1509 2888 60.85031 

GCF_006339365.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1596986 1509 2888 61.03053 

GCF_006517095.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Alteromonadaceae g__Alteromonas s__Alteromonas mediterranea unlinked 4343683 1536 2894 55.15502 

GCF_006517115.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Alteromonadaceae g__Alteromonas s__Alteromonas mediterranea unlinked 4294985 1536 2894 55.06455 

GCF_006542295.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1449344 1505 2772 65.01279 

GCF_006874745.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira weilii_B unlinked 4361439 1514 3407 59.12067 

GCF_006874765.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira weilii_B unlinked 4381393 1514 3407.5 59.11871 

GCF_007036205.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter_E s__Helicobacter_E suis unlinked 1694897 1507 2889 60.00347 

GCF_007165405.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2144289 1522 2898 30.81688 

GCF_007165645.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2147632 1522 2909 30.82972 

GCF_007182855.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2169490 1522 2916 30.60885 

GCF_007741495.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Roseimaritima s__ unlinked 7216590 1531 2922 45.46771 

GCF_007741515.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Ga0077529 g__GCA-2702655 s__ unlinked 5996859 1547 2930 44.93657 

GCF_007741535.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Rubripirellula s__ unlinked 8542491 1544 2908 42.65365 

GCF_007741555.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__ s__ unlinked 7948699 1534 2903 45.34964 

GCF_007747015.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Gimesia s__Gimesia maris unlinked 7626893 1543 2888 49.679 

GCF_007747215.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Gemmatales f__Gemmataceae g__PALSA-1347 s__ unlinked 7795793 1501 2769 28.66621 

GCF_007747445.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__Phycisphaerales f__Phycisphaeraceae g__ s__ unlinked 4291168 1513 2848 51.25199 

GCF_007747655.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__ s__ unlinked 9007740 1522 2903 42.21838 

GCF_007747795.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__ s__ unlinked 7744989 1512 2820 36.64063 

GCF_007747995.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__ s__ unlinked 7767809 1552 2925 44.67976 

GCF_007748015.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Gimesia s__ unlinked 7983903 1544 2888 46.4165 

GCF_007748035.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Ga0077529 g__SZUA-42 s__ unlinked 6608792 1542 2864 42.04021 

GCF_007748055.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__ f__ g__ s__ unlinked 7613473 1530 2851 38.02847 

GCF_007748075.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__Phycisphaerales f__Phycisphaeraceae g__ s__ unlinked 3486541 1514 2756 36.08341 

GCF_007748115.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Blastopirellula_A s__ unlinked 6496182 1510 2846 43.84928 
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GCF_007750395.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Planctomyces_B s__ unlinked 6125480 1527 2905 49.68349 

GCF_007750855.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Ga0077529 g__Ga0077529 s__ unlinked 6618662 1530 2821 33.54533 

GCF_007751035.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__ s__ unlinked 9565229 1532 2871 38.55424 

GCF_007751715.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__ s__ unlinked 7250512 1533 2852 41.78861 

GCF_007751945.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Gimesia s__ unlinked 8260309 1544 2888 46.66425 

GCF_007752135.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__UBA11363 s__ unlinked 8439957 1532 2906 44.72121 

GCF_007752345.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Planctopirus s__ unlinked 5214061 1533 2807 46.21014 

GCF_007753455.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Ga0077529 g__Ga0077529 s__ unlinked 5839026 1525 2808 35.91705 

GCF_007753915.1 d__Bacteria p__Planctomycetota c__Phycisphaerae o__UBA1845 f__UTPLA1 g__UTPLA1 s__ unlinked 4324589 1582 2914 37.41005 

GCF_007794935.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1681590 1509 2889 61.22129 

GCF_007836735.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1643956 1509 2888 61.07256 

GCF_007836855.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1676743 1509 2889 61.21463 

GCF_007843535.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1631093 1509 2889.5 61.09946 

GCF_007843715.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1648077 1509 2888 61.09854 

GCF_007843915.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1726836 1509 2888 61.29048 

GCF_007844035.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1663520 1509 2888 61.09827 

GCF_007844055.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1646042 1507 2888 61.12876 

GCF_007844075.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1675360 1509 2889 61.21168 

GCF_007971685.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1267781 1505 2772 64.76545 

GCF_007972595.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1269137 1505 2772 64.7648 

GCF_007972745.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1267436 1505 2772 64.76698 

GCF_007989425.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia helvetica unlinked 1419085 1500 2932 67.6586 

GCF_008033215.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1401460 1505 2772 64.80663 

GCF_008065135.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Roseimaritima s__Roseimaritima ulvae unlinked 8212515 1536 2922 40.89269 

GCF_008087665.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Pirellulaceae g__Mariniblastus s__Mariniblastus fucicola unlinked 6570840 1524 3395 46.59436 

GCF_008118365.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4742398 1514 2967 64.96604 

GCF_008245065.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000376585 unlinked 1376868 1505 2771 66.04874 

GCF_008298035.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Gimesia s__Gimesia maris unlinked 7816689 1543 2888 49.58097 

GCF_008326525.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1604952 1508 2891 61.26844 
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GCF_008329785.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__Deinococcus radiodurans unlinked 3283189 1506 2877.667 33.34523 

GCF_008330105.1 d__Bacteria p__Firmicutes c__Bacilli o__Lactobacillales f__Aerococcaceae g__Aerococcus s__Aerococcus urinaeequi unlinked 1997457 1558 2907 60.57993 

GCF_008330125.1 d__Bacteria p__Firmicutes c__Bacilli o__Lactobacillales f__Aerococcaceae g__Aerococcus s__Aerococcus urinaeequi unlinked 1975794 1558 2907 60.53749 

GCF_008330145.1 d__Bacteria p__Firmicutes c__Bacilli o__Lactobacillales f__Aerococcaceae g__Aerococcus s__Aerococcus urinaeequi unlinked 1957480 1558 2907 60.51898 

GCF_008330165.1 d__Bacteria p__Firmicutes c__Bacilli o__Lactobacillales f__Aerococcaceae g__Aerococcus s__Aerococcus urinaeequi unlinked 1975959 1558 2907 60.53795 

GCF_008630655.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Proteus s__Proteus mirabilis unlinked 3957207 1553 3389 61.37379 

GCF_008693345.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 1972387 1508 2821 69.54883 

GCF_008705195.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Proteus s__Proteus mirabilis unlinked 4017079 1553 3897 61.27111 

GCF_008831445.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4758488 1514.5 2967 64.97886 

GCF_008831465.1 d__Bacteria p__Spirochaetota c__Leptospirae o__Leptospirales f__Leptospiraceae g__Leptospira s__Leptospira interrogans unlinked 4755342 1514.5 2967 64.97781 

GCF_008931845.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borreliella s__ unlinked 1109596 1543 2935 72.14256 

GCF_009017495.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Deinococcaceae g__Deinococcus s__ unlinked 3989530 1504 2898 35.98517 

GCF_009177095.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__Ga0077529 g__GCA-2702655 s__ unlinked 6922258 1541 2922 38.27254 

GCF_009649955.1 d__Bacteria p__Firmicutes_B c__Desulfitobacteriia o__Heliobacteriales f__Heliobacteriaceae g__ s__ unlinked 3218981 1549 2921 56.92482 

GCF_009664345.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Pirellulales f__ g__ s__ unlinked 6649480 1528 2904 49.61032 

GCF_009720525.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Gimesia s__ unlinked 8027492 1544 2893 47.25305 

GCF_009720545.1 d__Bacteria p__Planctomycetota c__Planctomycetes o__Planctomycetales f__Planctomycetaceae g__Gimesia s__Gimesia maris unlinked 7818248 1543 2888 49.58153 

GCF_009731485.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1279369 1500 2785 67.67172 

GCF_009731505.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1279369 1500 2785 67.67172 

GCF_009731525.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1279369 1500 2785 67.67172 

GCF_009731545.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia conorii unlinked 1279380 1500 2785 67.67192 

GCF_009732755.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Anaplasmataceae g__Wolbachia s__Wolbachia sp000008025 unlinked 1352354 1505 2772 64.71028 

GCF_009734045.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 904095 1544 2940 71.28554 

GCF_009734065.1 d__Bacteria p__Spirochaetota c__Spirochaetia o__Borreliales f__Borreliaceae g__Borrelia s__Borrelia miyamotoi unlinked 904129 1544 2940 71.28518 

GCF_900016785.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_M unlinked 430464 1554 2952 78.37008 

GCF_900039485.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Doolittlea s__Doolittlea endobia unlinked 846562 1552 2948 55.87801 

GCF_900119955.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667625 1509 2890 60.89475 

GCF_900119995.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667804 1509 2890 60.89618 

GCF_900120055.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667894 1509 2890 60.89542 
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GCF_900120135.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1668174 1509 2890 60.89635 

GCF_900120185.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667858 1509 2890 60.89535 

GCF_900120205.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1670384 1509 2890 60.90049 

GCF_900120225.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667978 1509 2890 60.89511 

GCF_900120255.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667821 1509 2890 60.89544 

GCF_900120275.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667936 1509 2890.5 60.89538 

GCF_900120315.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1670321 1509 2890 60.90033 

GCF_900120335.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667712 1509 2890 60.89469 

GCF_900128595.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_J unlinked 455403 1559 2950 75.80056 

GCF_900128725.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_K unlinked 456703 1565 2958 71.75101 

GCF_900128735.1 d__Bacteria p__Proteobacteria c__Gammaproteobacteria o__Enterobacterales f__Enterobacteriaceae g__Buchnera s__Buchnera aphidicola_L unlinked 451961 1552 2951 75.98952 

GCF_900149805.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1667883 1509 2890 60.89564 

GCF_900176185.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1682800 1509 2890 60.91033 

GCF_900327235.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 1932116 1509 2822 69.7851 

GCF_900327245.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi_A unlinked 2465012 1508 2821 69.45431 

GCF_900327255.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 2078193 1508 2821 69.52853 

GCF_900327265.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 2319449 1509 2821 69.16712 

GCF_900327275.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Orientia s__Orientia tsutsugamushi unlinked 2469803 1508 2821 69.24654 

GCF_900465355.1 d__Bacteria p__Bipolaricaulota c__Bipolaricaulia o__Bipolaricaulales f__Bipolaricaulaceae g__Bipolaricaulis s__Bipolaricaulis anaerobius unlinked 1324338 1570 3039 31.79015 

GCF_900478295.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1680937 1509 2888 61.17439 

GCF_900536895.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rickettsiales f__Rickettsiaceae g__Rickettsia s__Rickettsia typhi unlinked 1111939 1500 2786 71.07863 

GCF_900604845.1 d__Bacteria p__Deinococcota c__Deinococci o__Deinococcales f__Thermaceae g__Thermus s__Thermus thermophilus unlinked 2479642 1521.5 2890.5 31.47894 

GCF_900637395.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Campylobacteraceae g__Campylobacter_D s__Campylobacter_D upsaliensis unlinked 1671550 1514 3090 64.97484 

GCF_900638475.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_BU unlinked 1644315 1509 2890 61.02298 

GCF_900638505.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori unlinked 1632224 1509 2888 61.04732 

GCF_900638615.1 d__Bacteria p__Proteobacteria c__Alphaproteobacteria o__Rhizobiales f__Rhizobiaceae g__Bartonella s__Bartonella elizabethae unlinked 2018538 1496 2822 61.62663 

GCF_902381665.1 d__Bacteria p__Campylobacterota c__Campylobacteria o__Campylobacterales f__Helicobacteraceae g__Helicobacter s__Helicobacter pylori_C unlinked 1566655 1510 2889 61.13292 
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Figure 4.3. Results of genome screening. 

(A) Changes in taxonomy at the species level as a result of GTDB 

reclassification; (B) Operation status of genomes used in this analysis; (C) 

Differences from the previous analysis. Changes in taxonomy and operon 

status were indicated; (D)~(E) Distribution of rRNA gene copy numbers in 

genus with partially unlinked rRNA operon. The number of linked, mixed, 

and unlinked genomes for each genus was displayed on the x-axis, and each 

genome was plotted with green, yellow, and red dots. The thick line of the 

box represents the median, the line at the end of the box represents the first 

and third quartiles, and whiskers are 1.5 x interquartile ranges. Dots that did 

not overlap the whiskers were outliers. The number of 16S and 23S rRNA 

genes verified by in silico PCR was used. (D) 16S rRNA and (E) 23S rRNA. 
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3.2. Correlations between genomic features of symbionts and rRNA 

operon disruption 

In 15,521 complete genomes, 61 genera showed a conservation of the 

unlinked rRNA operon for all genomes, which accounted for 88.5% (508 

genomes) of the total unlinked genomes. The remainder were not conserved 

in each genus with significant reduction in rRNA copies (Figure 4.3D, 4.3E). 

Of the rRNA operon-unlinked genera, 16 genera that included 451 genomes 

among 574 unlinked genomes were listed in Table 4.2 with their genomic and 

phenotypic characteristics. Most of them are obligate symbiotic bacteria with 

insect hosts and two genera, Dehalococcoides and Thermus, have different 

lifestyles from other symbiotic bacteria such as organohalide respiration and 

high temperature tolerance. Based on the SymGenDB (Reyes-Prieto, Vargas-

Chávez et al. 2015), 9,467 symbiotic bacteria were identified. Among 574 

rRNA operon-unlinked genomes, 413 genomes were classified as symbiotic 

bacteria. A phylogenetic tree of all rRNA operon-unlinked genomes showed 

the dominant proportion of symbiotic bacteria and a phylogenetic 

conservation of rRNA operon-unlinked status (Figure 4.4). In symbiotic 

bacteria, genomic features showed significantly different distribution 

between rRNA operon-linked and unlinked genomes (Figure 4.5). rRNA 

operon-unlinked symbionts had the higher genome AT content, lower 16S 
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rRNA copy number and smaller genome size as compared with linked 

symbionts, and the differences of five genomic features used in the PCA plot 

showed significant differences between rRNA operon-linked and unlinked 

genomes and between mixed genomes and unlinked genomes (p < 0.001, 

Kruskal-Wallis rank sum test and Dunn’s test). Among the genomic features 

of symbionts, an average of whole genome AT contents was 64.9% in 

unlinked genomes, while averages of linked genomes and mixed genomes 

were 51.4% and 50.1% respectively (Figure 4.6). Likewise, average AT 

contents of 16S rRNAs were also higher in unlinked symbionts than linked 

symbionts. AT-biased nucleotide composition, exhibited in reduced genomes 

of symbionts, is known to correlate to host-symbiont co-speciation and 

accelerated molecular evolution (McCutcheon and Moran 2012, Toju, Tanabe 

et al. 2013). The length of 16S and 23S rRNA was significantly different 

between rRNA operon-linked symbionts and unlinked symbionts, but the 

correlation with rRNA operon linkage or symbiosis to the host is unclear 

(Figure 4.6). 

In comparison between unlinked genomes of non-symbiotic bacteria and 

symbiotic bacteria, genomic features also showed significant differences 

(Figure 4.7). AT content of the whole genome and 16S rRNA was higher in 

rRNA operon-unlinked symbionts than in non-symbionts. In particular, whole 
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genome AT content displayed an impressive difference with 64.9% of 

unlinked symbionts and 49.8% of unlinked non-symbionts in average. Also, 

unlinked symbionts had much shorter genome size than unlinked non-

symbionts, while 16S rRNA length average showed no significance in 

comparison. Genome size of unlinked non-symbionts was significantly 

reduced from linked symbionts (the average of genome size: 3,856 Mbp 

(linked symbionts), 2,923 Mbp (unlinked non-symbionts); Welch Two 

Sample t-test, p = 1.717e-06). The 16S rRNA copy number was slightly 

biased to unlinked symbionts, but the averages did not much differ from the 

average of all unlinked genomes (the average of 16S rRNA copy number: 

1.538 (all unlinked genomes), 1.501 (unlinked symbionts), 1.667 (unlinked 

non-symbionts); Welch Two Sample t-test, p= 0.03886).
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Table 4.2. List of genera with the conservation of rRNA operon disruption. 

* Genera with only unlinked rRNA operons and with four or more genomes were included. 

Genus 

Unlinked 

genomes

* 

Genome size 

(average, bp) 

rRNA copy 

number Characteristics 
Habitat 

(host) 
Reference 

16S 23S 

Anaplasma 8 1349657.5 1 1 
Pathogen (humans, mammals; 

anaplasmosis) 
Ticks 

(Munderloh, Blouin et 

al. 1996, Ohashi, 

Inayoshi et al. 2005, 

Stuen 2007) 

Borrelia 20 1192776.1 1 1 
Pathogen (humans, mammals; 

relapsing fever) 
Ticks, lice 

(Barbour and Hayes 

1986, Krause, 

Narasimhan et al. 

2013, Adeolu and 

Gupta 2014) 

Borreliella 16 1265183.6 1 1~2 Pathogen (humans; lyme disease) Ticks, lice 

(Barbour and Hayes 

1986, Baranton, 

Postic et al. 1992, 

Schutzer, Fraser-

Liggett et al. 2012, 

Adeolu and Gupta 

2014, Pritt, Respicio-

Kingry et al. 2016) 

Brachyspira 9 2976921.6 1 1 Pathogen (humans, mammals) 
Various 

animals 

(Bellgard, 

Wanchanthuek et al. 

2009, Pati, Sikorski et 

al. 2010, Håfström, 

Jansson et al. 2011, 

Martínez-Lobo, 

Hidalgo et al. 2013, 

Hampson 2018) 

Buchnera 24 592061.1 1 1 Symbiont (aphids) Aphids 
(Moran and Mira 

2001) 
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Dehalococcoides 25 1403003.4 1 1 Organohalide respiration 

Environmen

tal 

sediments 

(Löffler, Yan et al. 

2013) 

Ehrlichia 15 1260075.1 1 1 
Pathogen (humans, mammals; 

ehrlichiosis) 
Ticks 

(Anderson, Dawson et 

al. 1991, Kawahara, 

Ito et al. 1999, Frutos, 

Viari et al. 2006, 

Aguiar, Cavalcante et 

al. 2007) 

Eperythrozoon A 6 687613.3 1 1 Pathogen (mammals) Arthropods 
(Neimark, Hoff et al. 

2004) 

Gimesia 6 7922255.7 2 1 
Isolated from ocean (not 

characterized) 
Ocean 

(Scheuner, Tindall et 

al. 2014) 

Helicobacter 175 1638038.3 1~2 1~2 Pathogen (humans, mammals) 
Humans, 

mammals 

(Suerbaum and 

Michetti 2002, 

Harper, Whary et al. 

2003, Dailidiene, 

Dailide et al. 2004) 

Leptospira 29 4452983.9 2 2 
Pathogen (humans, mammals; 

leptospirosis) 

Stagnant 

water, 

mammals 

(Adler and de la Peña 

Moctezuma 2010) 

Orientia 8 2171624.8 1 1 
Pathogen (humans; typhus, 

Tsutsugamushi disease) 
Mites 

(Seong, Choi et al. 

2001, Georgiades, 

Merhej et al. 2011) 

Rickettsia 68 1270779.6 1 1 Pathogen (humans; typhus) 
Arthropods, 

nematodes 
(Georgiades, Merhej 

et al. 2011) 

Thermus 15 2253012.2 2 2 High temperature tolerance Hot water 
(Omelchenko, Wolf et 

al. 2005) 

TM7x 4 770656.0 1 1 Pathogen (bacteria) Bacteria 
(Bor, McLean et al. 

2018) 

Wolbachia 23 1308337.4 1 1 Symbiont (insects) Nematodes 
(Parvizi, Benlarbi et 

al. 2003, Hedges, 

Brownlie et al. 2008) 
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Figure 4.4. Features of each unlinked genome with phylogenetic tree. 

It was created in the ‘classify’ process of GTDBtk and contained 574 

unlinked genomes. The innermost strip type circle represents clades 

conserved as unlinked at the genus level. The next outer circle indicates 

whether it was considered a symbiont of the genome, and if classification 

failed at the species level, it was marked as unknown. The outer two bar charts 

show the genome size and 16S rRNA copy number, respectively. 
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Figure 4.5. PCA plot of genomic features of symbiotic bacteria. 

Five genomic features showing the variation of 4,538 symbiotic 

genomes with the rRNA operon linkage status in the principal component 

analysis (PCA). Each dot represented one bacterial genome. rRNA operon-

unlinked bacteria were more distributed along the direction of the higher 

genome AT content, lower 16S rRNA copy number and smaller genome size. 

All five genomic features were significantly different between rRNA operon-

linked and unlinked genomes and between mixed and unlinked genomes (p < 

0.001, Kruskal-Wallis rank sum test and Dunn’s test). 
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Figure 4.6. The distribution of genomic features of symbiotic bacterial genomes with the linkage status of rRNA operons. 

(A) A scatter plot of whole genome AT content and 16S rRNA AT content average. AT content was significantly different between 

rRNA operon-unlinked symbionts and linked symbionts in both whole genome and 16S rRNA sequence (Welch Two Sample t-test, 

p< 2.2e-16). (B) Averages of the length of 16S rRNAs and 23S rRNAs of each genome were drawn. The length averages of 16S rRNA 

and 23S rRNA were significantly shorter in unlinked symbionts than linked symbionts (16S rRNA length average: 1546.2 bp (linked 
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symbiont), 1514.9 bp (unlinked symbiont), p < 2.2e-16; 23S rRNA length average: 2943.4 bp (linked symbiont), 2893.0 bp (unlinked 

symbiont), p = 4.464e-13). (C) Averages of AT content of 16S rRNAs and 23S rRNAs were shown. Both rRNA AT content were 

significantly higher in unlinked symbionts and linked symbionts (AT content average: 46.4% (16S rRNA, linked symbiont), 50.0% 

(16S rRNA, unlinked symbiont), 48.0% (23S rRNA, linked symbiont), 52.2% (23S rRNA, unlinked symbiont), p < 2.2e-16).
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Figure 4.7. Comparisons of genomic features between symbiotic bacteria 

and non-symbiotic bacteria with unlinked rRNA operons. 

The differences in genomic features between symbionts and non-

symbionts that have only unlinked rRNA operons were displayed. (A) AT 

content of the whole genome sequence and the average AT content of 16S 

rRNAs in each bacterial genome were plotted with the linear regression and 

the 95% confidence intervals. AT content of the genome and 16S rRNA were 

significantly different between symbionts and non-symbionts (p < 2.2e-16). 

(B) The average length of 16S rRNAs and 23S rRNAs of each genome were 

plotted. (C) The boxplots of the whole genome size of symbionts and non-
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symbionts. The whole genome size was significantly different between 

symbionts and non-symbionts (the average of the whole genome size: 1.683 

Mbp (symbionts), 2.923 Mbp (non-symbionts); p=1.309e-09). (D) The 

histograms of 16S rRNA gene copies on genomes of symbionts and non-

symbionts. 
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4.3.3. Functional gene alterations in rRNA operon-unlinked 

symbionts 

Representative characteristics of symbiotic bacteria include not only 

genomic features but also functional features such as disruption of specific 

metabolic pathways (McCutcheon and Moran 2012, Giovannoni, Cameron 

Thrash et al. 2014). Therefore, we analyzed whether the unlinked genome has 

a functional gene alteration shown in symbiotic genomes. To minimize 

functional differences derived from taxonomic distance, the analysis was 

conducted only within specific phylum. Unlinked genome tended to be 

functionally poor compared to the linked genome (Figure 4.8). When eggnog 

mapper results were counted based on the COG functional categories, the 

average number of linked genomes in phylum Campylobacterota, 

Spirochaetota, and Chloroflexota was 1,388, 1,801, and 2,516, except for 

poorly characterized (R and S category), whereas unlinked genomes averaged 

1,146, 1,354, and 1,058, respectively. Each functional category showed 

different patterns. In particular, in the case of transcription (K) category, the 

unlinked genome was only 50% of the linked in all three phylums (59;32, 

149;75, and 202;99 in Campylobacterota, Spirochaetota, and Chloroflexota 

respectively) (paired t test, p=0.03), energy production and conversion in 

metabolism (C), and inorganic ion transport and metabolism (P) categories 
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also fell to 65% and 44%, respectively (paired t test, p=0.05; 0.03). In the 

remaining categories, the number of linked and unlinked was similar, or rather, 

a larger number in unlinked. 

RNase plays an important role in cell physiology and acts as a mediator 

in most RNA metabolism. In particular, various RNases are acting as major 

factors in rRNA degradation and maturation (Bechhofer and Deutscher 2019). 

Therefore, we examined whether there is a relationship between the rRNA 

operon status and the number of RNases (Figure 4.9). The number of each 

RNase was generally conserved within the genus level. The largest difference 

in number was the RNase_T family (PF00929.25), with an average of 8.8 

detected in Vibrio but none in Dehalococcoides. When the phylogenetic 

relationship was corrected, we confirmed that the unlinked genome had 

significantly fewer RNase_E_G (PF10150.10), RNase_T, and RNase_PH 

family (PF01138.22) (Brownian motion, p=0.0002, 0.013, and 0.028 

respectively). 
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Figure 4.8. Quantitative abundance of COG categories between linked 

and unlinked genomes. 

Mixed genomes were excluded, and the average number of each group 

was shown. (A) Campylobacterota; (B) Spirochaetota; (C) Chloroflexota. 

COG functional categories: J, Translation, ribosomal structure and biogenesis; 

A, RNA processing and modification; K, Transcription; L, Replication, 

recombination and repair; B, Chromatin structure and dynamics; D, Cell cycle 

control, cell division, chromosome partitioning; Y, Nuclear structure; V, 

Defence mechanisms; T, Signal transduction mechanism; M, Cell 

wall/membrane/envelop biogenesis; N, Cell motility; Z, Cytoskeleton; W, 

Extracellular structures; U, Intracellular trafficking, secretion and vesicular 

transport; O, Post‐translational modification, protein turnover, chaperones; C, 

Energy production and conversion; G, Carbohydrate transport and 

metabolism; E, Amino acid transport and metabolism; F, Nucleotide transport 

and metabolism; H, Coenzyme transport and metabolism; I, Lipid transport 

and metabolism; P, Inorganic ion transport and metabolism; Q, Secondary 

metabolite biosynthesis, transport and catabolism. 
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Figure 4.9. Heatmap drawn based on the number of RNases in the 30 

genera. 

The phylogenetic relationship was calculated by randomly selecting one 

genome for each genus and pruning it from the tree made by GTDBtk. After 
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calculating the maximum number of each Pfam in all the genomes belonging 

to 30 genera, the relative amount was expressed as a heatmap. Pfam family: 

PF00636.27, Ribonuclease_3; PF00929.25, RNase_T; PF01351.19, 

RNase_HII; PF18614.2, RNase_II_C_S1; PF03726.15, PNPase; PF01138.22, 

RNase_PH; PF10150.10, RNase_E_G. 
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4.4. Discussion 

Public genome repository may have genomes which have incorrect 

species name or are assembled poorly (Breitwieser, Lu et al. 2019). Therefore, 

one thing to keep in mind when performing an analysis using this is to check 

the quality of the data to prevent unreliable results. Refseq which is relatively 

curated database than GenBank is no exception to this (Steinegger and 

Salzberg 2020). GTDB not only did taxonomy re-classification, but also made 

it possible to properly curate the genomes against misassemblies, 

contamination, incomplete genomes etc. We confirmed that taxonomy of 695 

genomes was reclassified at the genus level with GTDB, and rRNA operon 

status of 53 genomes changed with a more rigorous genome screening process. 

The change in rRNA operon status was for two reasons, because the circular 

genome and strand of each rRNA gene were considered. For example, in the 

case of GCF_002197085.1, which changed from unlinked to linked, the 

genome size was 3,504,252 bp, the end position of 16S rRNA (+ strand) was 

at 3,503,539 bp, and the start position of 23S rRNA (+ strand) was at 437 bp. 

The distance between two rRNA genes is more than 3M bp, but considering 

the circular genome, the length of ITS is 1,149bp, which was classified as 

linked. 

In the case of unlinked genomes which sometimes appear in genus, it is 
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difficult to distinguish whether real rRNA operons have all broken or 

assembly errors occurred in rRNA gene family, especially in the case of genus 

with only one rRNA operon-unlinked genome. This is because unlinked 

genomes dramatically decreased in rRNA copy number compared to other 

genomes in genus, and some genomes contained partial sequences of rRNA 

(In the form of ‘Note=16S ribosomal RNA rRNA prediction is too short’ in 

the annotation file). It was thought that assembly error occurred due to the 

presence of two or more paralogous genes (Denton, Lugo-Martinez et al. 

2014), and only 16S rRNA and 23S rRNA of different pairs were assembled. 

Therefore, in the above genomes, it seems necessary to check the assembly 

quality through other appropriate methods. 

From our result, most rRNA operon-unlinked bacteria were symbionts 

and the genomes showed reduced genome size and high AT content as 

compared with linked symbionts. Genome reduction of symbionts is well-

known as a result of adaptation to hosts, and these symbionts often show the 

loss of genes related to DNA repair, resulting in AT-biased nucleotide 

composition in the bacterial population (McCutcheon and Moran 2012). The 

difference that symbionts with unlinked rRNA operon have significantly 

higher AT content than the linked genome indicates that obligate symbionts 

with close association with the host, such as bacterial endosymbionts of ticks 
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like Rickettsia that are maternally inherited, show rRNA operon disruption 

(Bonnet, Binetruy et al. 2017). This is also supported by the tendency for 

increase of synonymous GC content and genomic GC content in many 

bacterial species (Hildebrand, Meyer et al. 2010). 

Non-symbiont with unlinked rRNA operon has a significantly higher 

genome size than unlinked symbiont, but shorter genome size than linked 

symbiont. Among the unlinked non-symbiont, Thermus and Dehalococcoides, 

which are phylogenetically conserved, have unique lifestyles. Thermus is a 

genus known as thermophilic bacteria, which lost a wide range of genes 

similar to obligate symbionts and showed higher levels of genomic 

rearrangements (Omelchenko, Wolf et al. 2005, Kumwenda, Litthauer et al. 

2014). Dehalococcoides is well-known to live in the environmental sediment 

and to dechlorinate the pollutants with remarkably small genomes (McMurdie, 

Behrens et al. 2009). Like as the obligate symbiont has a strong association 

with the environment and undergoes genomic adaptation, such as co-

speciation with the host, these rRNA operon-unlinked non-symbionts are 

assumed to undergo genomic adaptation to the restricted environments, 

accompanied by rRNA operon disruption. 

The regulation of rRNA transcription process is related not only to single 

transcription of rRNAs, but also to a rate of translation and the amount of 
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protein synthesis (Paul, Ross et al. 2004). rRNA regulation constitutes a 

stringent mechanism to response to the surrounding nutritional contents and 

affect its growth rate (Srivastava and Schlessinger 1990, Kaczanowska and 

Rydén-Aulin 2007). Furthermore, the synthesis of the 70S ribosome is made 

from one 16S rRNA and one 23S rRNA. Therefore, the broken state of the 

rRNA operon, which has an advantage in storing regulatory information in 

the transcription process and helps to efficiently produce ribosomes, seems to 

be evidence of weak or no selective pressure on stringent regulation of rRNA 

transcription. 

Functionally, the most significant difference between rRNA operon-

unlinked genomes and linked genomes was the reduction in the transcription 

(K) category, which includes several transcription regulatory genes. This has 

been reported from various symbiont bacteria (Moran, Dunbar et al. 2005, 

George, Husnik et al. 2020), and they were able to use metabolites produced 

by the host without any additional control. It is a characteristic of bacteria 

showing a closer relationship with the host (Knobloch, Jóhannsson et al. 

2020). This host-dependent characteristic is also equivalent to reductions in 

several metabolism categories. In this context, bacteria abandon unnecessary 

genomic elements and express genes with a smaller dynamic range as a 

response to fixed environmental fluctuation. The environment may raise no 
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need for complex control in the transcription process, and less complexity of 

transcriptional regulation leads to a loss of transcriptional factors and 

metabolic pathway. These weaken selective forces for complex rRNA 

regulation could result in broken rRNA operon conservation through adaptive 

genomic rearrangement. 

Meanwhile, assuming that the rRNA pair is advantageous when they are 

apart from each other, one candidate hypothesis can be proposed. If the co-

transcriptional process cannot be maintained due to the unlinked operon, the 

stoichiometric ratio between 16S and 23S rRNA collapse, which may lead to 

an increase of the fitness in some cases. The main function of 16S and 23S 

rRNA is protein biosynthesis and it works by comprising 70S ribosome (30S 

and 50S subunits). Normally the ribosome in an exponential phase is stable 

enough to be recycled (Hirokawa, Nijman et al. 2005), however, degradation 

occurs under a slow-growth state or starvation conditions (Piir, Paier et al. 

2011). When the degradation occurs in the subunits as well, the interesting 

point is that the 30S and 50S subunits show imbalanced rates in degradation 

(Zundel, Basturea et al. 2009). Since the working form of 70S ribosome needs 

to satisfy the stoichiometric ratio in 1:1, surplus subunits are generated when 

16S and 23S rRNA are linked and co-transcribed. Transcription of excess 

DNA in nutritional deprivation could be an abuse of energy resources. 
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Therefore, this would have acted as a hidden driving force for 16S and 23S 

rRNA to be expressed independently. 

Additionally, oligotrophic bacteria living in open-ocean do not 

significantly change the number of ribosomes in the growth state using a post-

transcriptional level regulatory mechanism such as riboswitch, and show the 

same growth rate with fewer ribosomes compared to copiotrophic bacteria 

(Lankiewicz, Cottrell et al. 2016). It can be inferred that under oligotrophic 

environments, bacteria have developed survival strategies in the form of 

reducing what can be reduced and replacing what can be replaced. Recently, 

with the concept of RNA velocity, it was possible to track the RNA abundance 

in real time (La Manno, Soldatov et al. 2018). Further research using this 

analysis is needed to see how the unlinked rRNA operon and microbial 

adaptation are related. 

RNase E and G have a paralogue relationship with each other and tend 

to decrease in the unlinked genome. RNase E shortens pre-16S, 5S rRNA 

cleaved by RNase III in the rRNA maturation stage (Mackie 2013). In 

addition, it initiates most pre-tRNA processing (Kennell 2002). In the case of 

RNase T, which had the largest copy number variation between genus and 

tended to decrease in unlinked genome, the 3’ residue of 23S rRNA in the 

RNase III cleavage product was shortened and was also related to tRNA 
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processing (Li, Pandit et al. 1999). Lastly, RNase PH catalyze the 3’ end 

processing of tRNA (Ishii, Nureki et al. 2003). In summarizing the above, 

rRNA operon-unlinked genomes tend to decrease RNases related to the 

synthesis of ribosome and tRNA for protein production. 

RNases are involved in degradation as well as maturation of RNAs. 

Interestingly, RNase E as the endoribonuclease and RNase PH as the 

exoribonuclease initiate the degradation of rRNA during starvation (Sulthana, 

Basturea et al. 2016). As described above, not only inhibiting ribosome 

production, but also disrupting ribosome in starvation state positively affects 

survival by reducing the translation rate and providing a building block for 

other biosynthesis (Fessler, Gummesson et al. 2020). However, there are few 

rRNA gene copies in the unlinked genomes, leading to a decrease of RNase 

E and PH rather than being maintained. On the other hand, RNase III, which 

cleaves the precursors transcribed from rRNA operon to initiate the 

processing, may be less necessary in the unlinked genome, but there was no 

significant difference compared to linked genomes. Since RNase does not 

have a single role, it seems necessary to study the rRNA processing of the 

unlinked genome from the RNase perspective. 
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4.5. Conclusions 

In this study, we analyzed the characteristics of rRNA operon-unlinked 

bacteria. Defining the unlinked state based on the curated database helped to 

obtain more reliable results, and it was confirmed that unlinked bacteria tend 

to have symbiont characteristics in genomic feature investigation. These 

results provided basic information on what genomic changes occurred in 

bacterial adaptation to their environment with rRNA operon-unlinked state 

and could be an interesting topic for future evolutionary research. 

  



１５６ 

 

General discussion 

The genome has undergone much different evolutionary changes 

through adaptation. In aspect of gene expression, sexual differentiation 

resulted from sexual reproduction that enable faster response in large 

population makes inequality in the expression between different sexes. And 

for the efficient control of functionally related genes, the genome of bacteria 

and archaea has developed a local set of genes transcribed together, called an 

operon. Chapter 2 discussed dosage compensation on the expression profile 

of cattle and suggested that the status of dosage compensation for cattle is not 

deviated from those for rodents and primate. A median of X:A expression 

ratio was closed to 1 in both male and female when analyzed with globally 

expressed genes, indicating up-regulation of X chromosome in male. In 

chapter 4, it was demonstrated that bacterial genomes of obligate symbionts 

showed disruption of rRNA operons which may leads to lose the stringent 

control in the transcription of rRNA and protein synthesis. The different 

processes to control gene expression described above reveal a diversity in the 

direction of genome evolution from maintaining equality to the adaptation to 

the restricted environment. 

Protein-coding gene is another key evolutionary point as a functional 



１５７ 

 

participant of biological mechanisms. Proteins are synthesized from genome 

sequence through two steps of transcription and translation, and each amino 

acid is encrypted as a unit including three nucleotides called codon in genome. 

Under certain selective pressures to gain more beneficial traits for survival 

and fitness, genomes having functional modifications through non-

synonymous substitutions of codons are selected and take a majority in the 

population subsequently. Chapter 3 showed a high rate of non-synonymous 

substitutions and functionality in positively selected genes of pufferfish 

genomes in comparison of other fish genomes. As shown in many previous 

and recent research, the evolution of pufferfish genome was also influenced 

largely by several whole genome duplication (WGD) events and a teleost-

specific WGD event, which demonstrates evolutionary dynamics of 

pufferfish in different scales including protein-coding gene alteration. 

In conclusion, various evolutionary adaptations are resulted from 

different survival strategies and complexities of each organism and bring 

specific characteristics and mechanisms. Along with highly advanced 

sequencing techniques nowadays, researchers get more chances to investigate 

the evolutionary shape of diverse species by using whole genome sequences 

from high quality sequencing project and RNA expression profiles. Such 

future trials can reveal and draw a landscape of adaptive genomic evolution 
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in different organisms and environments.   
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요약(국문초록) 

척추동물 및 박테리아의 발현 조절 및 

생존 전략을 위한 적응성 유전체 진화 

 

안현주 

농생명공학전공 

서울대학교 대학원 농업생명과학대학 

 

유전체 서열이 대량으로 생산되기 시작한 이래, 유전체 서열에서 적

응 진화의 증거를 설명하는 연구와 노력은 활발하게 이루어지고 있다. 

유전자 발현 데이터로부터 transcript가 유전체 위 어떤 위치에 있는지

를 파악하는 RNA-seq을 통하여, 성염색체상의 구성 차이로 인한 특정 

성염색체의 비활성화 또는 발현량 증폭을 일컫는 발현 보상(dosage 

compensation)을 연구할 수 있다. 포유류에서 관찰되는 성염색체 발현 

보상(sex chromosomal dosage compensation)을 살펴보면, 조직별로 

X 염색체에서 보상 발현 양상에 차이를 보이며, 다른 단백질과 기능적으

로 연관되어 있어 발현량 비율을 유지해야 하는 유전자의 경우 X염색체 

유전자라 하더라도 상염색체와 비슷한 발현량을 유지하기도 한다. 또한 
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상염색체와 마찬가지로 X 염색체와 Y 염색체에 동시에 존재하여, X 염

색체 비활성화(XCI)에서 벗어나 상염색체와 발현량에 차이를 보이지 않

는 탈출 유전자(XCI escape gene)도 있다. Chapter 2에서는 소의 유전

체 서열 정보와 유전자 발현 데이터를 이용하여 인간 및 다른 종에서 보

고되었던 성염색체 발현 보상의 양상이 소에서는 어떻게 나타나는지를 

살펴보고 비교하였다. 

또한 유전체 상에서 단백질을 코딩하는 유전자의 유의미한 서열 변이

(non-synonymous substitution)는 유기체의 표현형에 미치는 영향이 

크므로, 조용한 서열 변이(synonymous substitution)가 일어난 비율과 

비교 분석하여 방향성 진화(directional selection), 중립 진화(neutral 

selection), 정제 진화(purifying selection)를 설명하는 분석 방법

(dN/dS ratio)이 고안되어 널리 쓰이고 있다. Chapter 3에서는 아직 진

화 연구가 충분히 이루어지지 않은 복어 공개 유전체 정보에서, 다른 물

고기와 1:1 ortholog 관계를 이루고 있는 단백질 코딩 유전자를 이용하

여 dN/dS ratio를 분석하였다. 그리고 그 결과를 토대로 복어의 특이적

인 표현형인 신경독과 관련된 유전자 진화 선택을 추정하고, 진화 선택

을 받은 유전자의 높은 dN/dS ratio 분포를 통해 종 분화

(diversification) 이후 복어 단백질 코딩 유전자의 진화 가속을 논의하

였다. 

한편 박테리아의 유전체에서는 함께 동시에 발현되는 유전체 묶음인 

오페론이 존재한다. ribosomal RNA 또한 오페론 형태로 존재하며, 서로 

다른 세 가지 rRNA가 오페론 내에 포함되어 있다. Chapter 4에서는 다
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양한 박테리아 유전체 정보를 이용하여, ribosomal RNA 오페론 형태가 

깨진 존재하지 않는 박테리아들의 유전체에서 공생 박테리아의 유전체 

특징이 강하게 나타나는 것을 관찰하였고, 동시에 이러한 박테리아에서 

메타볼리즘에 관련된 유전자 및 전사 조절에 관련된 유전자가 줄어들고 

특정 RNase 또한 소실되는 것을 확인하였다. 이로부터 박테리아의 라이

프스타일에 따른 적응에는 rRNA 오페론의 copy number 뿐 아니라 구

조적인 변형 또한 유도될 수 있다는 가능성을 제시하였다. 

 

주요어  : 적응성 유전체 진화, 성염색체 발현 보상, 비동의 염기 치환, 

단백질 코딩 유전자, 박테리아 rRNA 오페론 

학번    : 2014-30400 
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