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Abstract

:

Simple Summary


Exploring the genomic changes that organisms have undergone to adapt to their specific environment is one of the most important processes in ecology and evolutionary biology. Here, we found that almost all rRNA operon-unlinked bacteria are symbiotic bacteria, which could be evidence of specific selective pressures in symbionts like genome reduction. This is meaningful and suggests that not only does the copy number variation of the rRNA operon sensitively respond to the bacterial lifestyle, but structural modification can also strongly reflect adaptation to the surrounding environmental conditions.




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 operons. Despite the positive effects of rRNA co-transcription on growth and reproduction rate, a recent study revealed that bacteria with unlinked rRNA operons are more widespread than expected. However, it is still unclear why the rRNA operon is broken. Here, we explored rRNA operon linkage status in 15,898 bacterial genomes and investigated whether they have common features or lifestyles; 574 genomes were found to have unlinked rRNA operons and tended to be phylogenetically conserved. Most of them were symbionts and showed enhanced symbiotic genomic features such as reduced genome size and high adenine–thymine (AT) content. In an eggNOG-mapper analysis, they were also found to have significantly fewer genes than rRNA operon-linked bacteria in the “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, the disruption of the rRNA operon seems to be one of the tendencies associated with the characteristics of bacteria requiring a low dynamic range.
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1. Introduction


Bacterial ribosomal RNA varies in number and typically forms an operon that comprises 16S, 23S, and 5S rRNA with an intergenic transcription spacer (ITS) [1,2]. The bacterial rRNA operon is co-transcribed to compose a ribosome for protein synthesis. Because of the importance of the rRNA operon, the distribution and properties of the rRNA operon related to the bacterial lifestyle have been studied repeatedly in analyses of diverse bacterial genomes. The rRNA operon copy number reflects the ecological adaptation of bacteria in response to available resources [3] and has been shown to decrease in bacterial communities during ecological microbial succession [4]. Depending on a doubling of the rRNA copy number, the maximum reproductive rate of bacteria also doubled and the efficiency of carbon use had a negative correlation to maximal growth rate and rRNA copy number [5]. Multiple 16S rRNA genes in the genome showed concerted evolution, where a sequence change must be eliminated or shared in every copy, which slows the evolution rate relative to single-copy genes [2].



The rRNA operon is co-transcribed into a single transcript like other bacterial operons and has been found to be under stringent regulation by multiple promoters, as studied in Escherichia coli [6,7]. The typical linked form of rRNA operon has been reported and studied in many bacteria; however, the unlinked rRNA operon has occasionally been reported from certain genomes. In Pirellula marina, the presence of unlinked rRNA operons was revealed from southern hybridization [8]. 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 an unlinked rRNA operon [9]. Moreover, Buchnera aphidicola had 16S rRNA operons including several ORFs but not 23S rRNA [10], and Wolbachia pipientis had a 23S-5S rDNA operon in one transcription unit, separately from the 16S rDNA in the other transcription unit [11]. A recent study on Helicobacter pylori showed independent maturation of the 16S and 23S-5S precursors separately transcribed from the unlinked rRNA operon, which is regulated by RNase III and the antisense RNA [12].



The extensive distribution of the unlinked rRNA operon has not been identified until recently. However, following on from the accumulation of microbial genomic sequence data, the latest research has identified rRNA operons’ disruption from genomic data and reported the spread of unlinked rRNA operons in diverse bacterial and archaeal taxa [13]. The research results first presented insights into the distributions of unlinked rRNA operons in slower-growing taxa living in soil and sediment with significantly fewer rRNA copies and RNase III genes. However, it remains uncertain what has influenced the disruption of the rRNA operon.



Therefore, we explored the genomic implications related to the unlinked rRNA operon using expanded and more rigorous curation data. Recently, issues such as assembly errors or incorrect taxonomic assignments have emerged for genomes registered in the public repository [14,15,16]. As these can affect our analysis, we used Genome Taxonomy Database (GTDB) [17], which reclassified bacterial taxonomy based on genome phylogeny and examined the consistency between annotation information and primer-based identification to use only reliable rRNA information. In addition, we determined whether the rRNA operon was unlinked based on the length of the internal transcribed spacer (ITS) and explored which bacteria have an unlinked rRNA operon and which environments they are closely associated with. Moreover, characteristics of bacterial genomes with the unlinked rRNA operon were analyzed in consideration of the association with their lifestyle. Because the operon is one of the microbial genetic regulatory systems, we believe that there will be a certain genetic selection associated with transcription/translation regulation or other functional metabolic pathways. Therefore, we investigated the functional gene alteration in rRNA operon-unlinked genome through the Clusters of Orthologous Genes (COG) annotation.




2. Materials and Methods


2.1. Bacterial rRNA Data Preparation


In this research, we referred to the NCBI RefSeq database (https://www.ncbi.nlm.nih.gov/refseq/) for information on 16S and 23S rRNA. We first downloaded the whole genome sequences (.fna) and gene annotation files (.gff) of 15,898 complete bacterial genomes (except genomes tagged “excluded_from_refseq” in the RefSeq assembly summary file) on 8 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.




2.2. Taxonomy Reclassification


We used the GTDB (version release89) [17], which reclassified the taxonomy based on 120 ubiquitous single-copy proteins to correct misclassified taxonomy in NCBI and obtain a consistent taxonomy based on the genome phylogeny. Of the total 15,898 complete genomes, 10,008 genomes have already been reclassified in GTDB, and the remaining 5890 have been reclassified taxonomically by performing GTDB-Tk (version 0.3.3) [18]. Phylogenetic relationships were determined using pplacer [19], a dependency of GTDB-Tk, and visualized with iTOL [20].




2.3. Primer-Based Identification and rRNA Filtering


PCR products are generated in silico to remove a genome with misannotations of rRNA from NCBI and confirm whether it is an experimentally verifiable rRNA sequence. For targeting 16S rRNA gene, 27F: 5′-AGRGTTYGATYHTGGCTCAG-3′ and 1492R: 5′-TACCTTGTTAYGACTT-3′ [21] were used. In the case of the 27F, 5′-AGRGTT′Y′GATYMTGGCTCAG-3′ [22] and 5′-AGRGTTTGATY’H’TGGCTCAG-3′ [23] primers were combined. For 23S rRNA, 11a: 5′-GGAACTGAAACATCTAAGTA-3′ [24] and 2241r: 5′-ACCRCCCCAGTHAAACT-3′ [23] were used. We generated in silico products using EMBOSS-primersearch (version 6.6.0.0) [25] and filtered them by length (1000 bp < 16S rRNA product < 4000 bp, 1000 bp < 23S rRNA product < 6800 bp). The first time, up to two mismatches were set, and we compared them with the annotation information. Genomes with different rRNA profiles were permitted four mismatches and compared again. If there were still differences, the genome was not used for subsequent analyses.




2.4. rRNA Operon Identification


To identify the rRNA operon structure, the start/end position and direction of rRNA in RefSeq annotation was used. A schematic diagram summarizing the identification of the rRNA operon is given in Figure 1. As a first step, all rRNAs were arranged by the start site of the genome with sense/antisense information. Considering the direction of transcription, sense 16S rRNA and the following sense 23S rRNA were defined as rRNA operons. Likewise, antisense 23S rRNA and the following antisense 16S rRNA were defined as rRNA operons. The rRNAs that did not fit the operon structure described above were defined as single rRNA copies. Based on the ITS length, an rRNA operon with ITS over 1500 bp in length was designated as an “unlinked” rRNA operon [13] (Figure 2A). Depending on the presence or absence of an unlinked rRNA operon, genomes were classified into three groups: “linked”, “mixed”, or “unlinked” (Figure 2B‒D).




2.5. Correlation Analysis of Genomic Features of Symbiotic Bacteria


SymGenDB was used to identify symbiotic bacteria in Refseq complete genomes [26]. 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 species with two or more taxonomy IDs, if any of the IDs were in SymGenDB, they were classified as symbionts. The principal component analysis (PCA) and statistical tests on genomic features and the rRNA operon linkage status of symbiotic and nonsymbiotic bacteria were performed by R (version 3.4.4) [27].




2.6. Comparisons of Functional Genes between rRNA Operon-Linked and Unlinked Bacteria


To examine the functional differences between linked and unlinked genomes, the following two analyses 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 the mapping mode [28,29]. 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 seven types of RNases registered in Pfams was determined using HMMER (version 3.3) with sequence search (HMMSearch) [30]. To reduce false positives, we used gathering cutoff with the “-cut_ga” option. The correlations of RNase number to rRNA operon-unlinked taxa were calculated using gls function in the nlme R package with the phylogenetic covariance model of the Brownian motion [31,32].





3. Results


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 the rRNA operon in two ways. According to GTDB Statistics (https://gtdb.ecogenomic.org/stats, accessed 22 May 2020), around 45% of the taxonomy of 143,566 genomes was changed at the species level. We additionally performed GTDB-Tk on 5890 genomes not included in GTDB but in RefSeq. As a result of comparing GTDB reclassified taxonomy and NCBI taxonomy for 15,898 RefSeq genomes, 28% of genomes were changed at the species level. These included unclassified cases (4.8%) and those classified as a 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% (1174 genomes) at the phylum, 21.5% (3423 genomes) at the class, 27.3% (4334 genomes) at the order, 22.4% (3560 genomes) at the family, and 7% (1120 genomes) at the genus level. According to a recent proposal [33], “‒ota” is suffixed at the phylum level in the GTDB results. Therefore, we performed a comparison after removing the suffix at the phylum level.



Annotation data in RefSeq were defined by using the NCBI prokaryotic genome annotation pipeline (PGAP), which combines alignment-based methods with direct gene prediction from a sequence [34]. 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 the 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 showed discordance 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 the subsequent analysis.



To identify whether the rRNA operon is linked or not, the ITS length was calculated from each rRNA operon. Using the threshold of 1500 bp in ITS length for the rRNA operon linkage status, three groups of bacteria were classified: 14,677 linked genomes, 270 mixed genomes, and 574 unlinked genomes (Figure 3B). The differences from previous studies on taxonomy and operon status are shown in Figure 3C and rRNA operon information of all genomes is available in Table S1.




3.2. Correlations between Genomic Features of Symbionts and rRNA Operon Disruption


Of 15,521 complete genomes, 61 genera showed 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 a significant reduction in rRNA copies (Figure 3D,E). Of the rRNA operon-unlinked genera, 16 genera that included 451 genomes among 574 unlinked genomes are listed in Table S2 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 [26], 9467 symbiotic bacteria were identified. Among 574 unlinked genomes, 413 genomes were classified as symbiotic bacteria. A phylogenetic tree of all rRNA operon-unlinked genomes showed the dominance of symbiotic bacteria and phylogenetic conservation of rRNA operon-unlinked status (Figure 4). The conservation of the rRNA operon status was common in the symbiotic genera, which contains only symbiotic species, and appear as all linked genomes or all unlinked genomes: 262/299 symbiotic genera with only linked genomes and 22/299 symbiotic genera with only unlinked genomes (Table S3).



In symbiotic bacteria, genomic features showed significantly different distribution between linked and unlinked genomes (Figure 5). Unlinked symbionts had higher genome adenine–thymine (AT) content, lower 16S rRNA copy number, and smaller genome size compared with linked symbionts, and the comparison of five genomic features used in the PCA plot showed significant differences between 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, the average of the 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 S1). 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 accelerate molecular evolution [35,36]. The length of 16S and 23S rRNA was significantly different between linked symbionts and unlinked symbionts, but the correlation with rRNA operon linkage or symbiosis to the host is unclear (Figure S1).



In a comparison of the unlinked genomes of nonsymbiotic bacteria and symbiotic bacteria, genomic features also showed significant differences (Figure 6). The AT content of the whole genome and 16S rRNA was higher in unlinked symbionts than in unlinked nonsymbionts. Whole genome AT content displayed an impressive difference, with 64.9% of unlinked symbionts and 49.8% of unlinked nonsymbionts on average. Moreover, unlinked symbionts had a much shorter genome size than unlinked nonsymbionts, while the average 16S rRNA length showed no significant trend in comparison. Genome size of unlinked nonsymbionts was significantly reduced from linked symbionts (the average of genome size: 3856 Mbp (linked symbionts), 2923 Mbp (unlinked nonsymbionts); Welch’s two-sample t-test, p < 0.001) but at the same time was significantly larger than unlinked symbionts (1683 Mbp in average; Welch’s two-sample t-test, p < 0.001). The 16S rRNA copy number was slightly biased to unlinked symbionts, but the averages did not differ much from those of all unlinked genomes (the average 16S rRNA copy number: 1.538 (all unlinked genomes), 1.501 (unlinked symbionts), 1.667 (unlinked nonsymbionts); Welch’s two-sample t-test, p = 0.03886). Additionally, in unlinked conserved genera, there were no major differences in 16S and 23S rRNA length, as shown in Figure S2. However, in terms of the whole genome size and whole genome AT content, the two nonsymbiotic genera showed remarkable distribution compared to other genera (p < 0.00001, ANOVA and Tukey’s HSD test); Gimesia had the largest genome size (7901 Mbp in median) and Thermus had the lowest genome AT content (31.4% in median).




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 [36,37]. Therefore, we analyzed whether the unlinked genome has a functional gene alteration shown in symbiotic genomes. To minimize functional differences derived from a taxonomic distance, the analysis was conducted only within specific phylum. The unlinked genome tended to be functionally poor compared to the linked genome (Figure 7). When eggNOG-mapper results were counted based on the COG functional categories, the average number of linked genomes in the phyla Campylobacterota, Spirochaetota, and Chloroflexota was 1388, 1801, and 2516, respectively, except for poorly characterized ones (R and S category), whereas unlinked genomes averaged 1146, 1354, and 1058, respectively. Each functional category showed different patterns. In particular, in the case of the transcription (K) category, the unlinked genome was only 50% of the linked in all three phyla (59:32, 149:75, and 202:99 in Campylobacterota, Spirochaetota, and Chloroflexota, respectively) (paired t-test, p = 0.03). The energy production and conversion in metabolism (C) and inorganic ion transport and metabolism (P) categories 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 there was a larger number in unlinked.



RNase plays an important role in cell physiology and acts as a mediator in most RNA metabolisms. In particular, various RNases play major roles in rRNA degradation and maturation [38]. Therefore, we examined whether there is a relationship between the rRNA operon status and the number of RNases (Figure 8). 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).





4. Discussion


A public genome repository may have genomes that have incorrect species names or are poorly assembled [39]. Therefore, one issue to keep in mind when performing an analysis is to check the quality of the data to prevent unreliable results. Refseq, which is a relatively more curated database than GenBank, is no exception [16]. GTDB not only carried out taxonomy re-classification but also made it possible to properly curate the genomes against misassemblies, contamination, incomplete genomes, etc. Compared to the previous study, we confirmed that the taxonomy of 696 genomes was reclassified at the genus level with GTDB, and the rRNA operon status of 53 genomes changed with a more rigorous genome screening process. The change in rRNA operon status was 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 1149 bp, which was classified as linked.



In the case of unlinked genomes that sometimes appear in the genus, it is difficult to distinguish whether real rRNA operons have all broken or assembly errors occurring in the rRNA gene family, especially in the case of a genus with only one unlinked genome. This is because unlinked genomes dramatically decreased in rRNA copy number compared to other genomes in the 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 [40], 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 results, most 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 [36]. The fact that symbionts with an 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 like Rickettsia that are maternally inherited, show rRNA operon disruption [41]. This is also supported by the tendency for an increase in synonymous guanine–cytosine (GC) content and genomic GC content in many bacterial species [42].



Nonsymbionts with unlinked rRNA operons have a significantly larger genome size than unlinked symbionts, but a shorter genome size than linked symbionts. Among the unlinked nonsymbionts, 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 [43,44]. Dehalococcoides is known to live in the environmental sediment and to dechlorinate pollutants with remarkably small genomes [45]. Although Thermus showed the lowest AT content among unlinked conserved genera, the correlation between high genomic GC content and adaptation to a thermophilic environment is controversial [46,47]. Like the obligate symbionts that have a strong association with the environment and undergo genomic adaptation, these unlinked nonsymbionts are expected to undergo genomic adaptation to restricted environments, accompanied by rRNA operon disruption, but further studies are needed for detailed associations.



The regulation of the rRNA transcription process is related not only to single transcription of rRNAs but also to a rate of translation and the amount of protein synthesis [7]. rRNA regulation constitutes a stringent mechanism to respond to the surrounding nutritional contents and affect its growth rate [48,49]. 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 the 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 in various symbiont bacteria [50,51], and researchers were able to use metabolites produced by the host without any additional control. This is a characteristic of bacteria showing a closer relationship with the host [52]. 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 fluctuations. The environment may create no 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 weakened 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 collapses, which may lead to an increase in the fitness in some cases. The function of 16S and 23S rRNA is protein biosynthesis by comprising 70S ribosome (30S and 50S subunits). Normally, the ribosome in an exponential phase is stable enough to be recycled [53]; however, degradation occurs under a slow-growth state or starvation conditions [54]. When degradation occurs in the subunits as well, the 30S and 50S subunits show imbalanced degradation rates [55]. Since the working form of the 70S ribosome needs to satisfy the stoichiometric ratio of 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. Therefore, this could have acted as a hidden driving force for 16S and 23S rRNA to be expressed independently.



Additionally, oligotrophic bacteria living in the 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 [56]. 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. This hypothesis could be supported by studies revealing that the strength of the promoters located in the front of each rRNA is different or confirming the rate of transcription/decay of rRNA and conversion to 30S/50S subunits. Recently, with the concept of RNA velocity, it was possible to track the RNA abundance in real time [57]. Further research using this analysis is needed to see how the unlinked rRNA operon and microbial adaptation are related.



RNases E and G have a paralogue relationship with each other and tend to decrease in an unlinked genome. RNase E shortens pre-16S, and 5S rRNA is cleaved by RNase III in the rRNA maturation stage [58]. In addition, it initiates most pre-tRNA processing [59]. In the case of RNase T, which had the largest copy number variation between genera and tended to decrease in the unlinked genome, the 3′ residue of 23S rRNA in the RNase III cleavage product was shortened and was also related to tRNA processing [60]. Lastly, RNase PH catalyzes the 3′ end processing of tRNA [61]. To summarize the above, unlinked genomes tend to decrease RNases, related to the synthesis of ribosomes and tRNA for protein production.



RNases are involved in degradation as well as the maturation of RNAs. Interestingly, RNase E as the endoribonuclease and RNase PH as the exoribonuclease initiate the degradation of rRNA during starvation [62]. As described above, not only inhibiting ribosome production, but also disrupting a ribosome in starvation state positively affects survival by reducing the translation rate and providing a building block for other biosynthesis [63]. However, there are few rRNA gene copies in the unlinked genomes, leading to a decrease in RNases E and PH rather than being maintained. On the other hand, RNase III, which cleaves the precursors transcribed from the 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 is difficult to clarify its relevance to the unlinked rRNA operon. Therefore, it seems necessary to study how the rRNA processing of operon-unlinked bacteria occurs by focusing on the operation of RNases.




5. Conclusions


Our research suggested that unlinked bacteria were associated with symbiosis characteristics. These included genomic features such as high AT content and genome reduction, as well as functional features such as the reduction of metabolism-related genes and RNases. For symbionts, the disruption of the rRNA operon seems to be weak selection due to the decrease in the importance or efficiency of protein synthesis, or positive selection due to minimal transcription of each rRNA. Since these results were derived from an in silico study conducted based on a large-scale genome sequence, it is necessary to design experiments on operon-unlinked bacteria to verify them. We hope that these results will be an interesting topic for future evolutionary research.
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The following are available online at https://www.mdpi.com/2079-7737/9/12/440/s1, Figure S1: 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 unlinked symbionts and linked symbionts in both whole genome and 16S rRNA sequence (Welch’s two-sample t-test, p < 0.001). (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 symbiont), 1514.9 bp (unlinked symbiont), p < 0.001; 23S rRNA length average: 2943.4 bp (linked symbiont), 2893.0 bp (unlinked symbiont), p < 0.001). (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 < 0.001).; Figure S2: Box plots for 16S rRNA length (A), 23S rRNA length (B), whole genome size (C), and whole genome AT content (D) to show the difference between rRNA operon-unlinked conserved genera with four or more genomes.; Table S1: rRNA operon status in RefSeq complete genome; Table S2: List of genera with the conservation of rRNA operon disruption.; Table S3: Number of linked, mixed, and unlinked genomes of genera with only symbiotic species.





Author Contributions


Conceptualization, H.A. and W.K.; methodology, H.A. and D.S.; formal analysis, H.A. and D.S.; resources, S.C. and H.K.; data curation, H.A. and D.S.; writing—original draft preparation, H.A. and D.S.; writing—review and editing, H.A., D.S., and W.K.; visualization, H.A. and D.S.; supervision, H.K. and W.K.; project administration, W.K.; funding acquisition, W.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No. NRF-2020R1F1A1049211).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Condon, C.; Philips, J.; Fu, Z.-Y.; Squires, C.; Squires, C.L. Comparison of the expression of the seven ribosomal RNA operons in Escherichia coli. EMBO J. 1992, 11, 4175–4185. [Google Scholar] [CrossRef] [PubMed]

	



Espejo, R.T.; Plaza, N. Multiple Ribosomal RNA operons in bacteria; Their concerted evolution and potential consequences on the rate of evolution of their 16S rRNA. Front. Microbiol. 2018, 9, 1232. [Google Scholar] [CrossRef] [PubMed]

	



Klappenbach, J.A.; Dunbar, J.M.; Schmidt, T.M. rRNA operon copy number reflects ecological strategies of bacteria. Appl. Environ. Microbiol. 2000, 66, 1328–1333. [Google Scholar] [CrossRef]

	



Nemergut, D.R.; Knelman, J.E.; Ferrenberg, S.; Bilinski, T.; Melbourne, B.; Jiang, L.; Violle, C.; Darcy, J.L.; Prest, T.; Schmidt, S.K. Decreases in average bacterial community rRNA operon copy number during succession. ISME J. 2016, 10, 1147–1156. [Google Scholar] [CrossRef] [PubMed]

	



Roller, B.R.; Stoddard, S.F.; Schmidt, T.M. Exploiting rRNA operon copy number to investigate bacterial reproductive strategies. Nat. Microbiol. 2016, 1, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Sarmientos, P.; Sylvester, J.E.; Contente, S.; Cashel, M. Differential stringent control of the tandem E. coli ribosomal RNA promoters from the rRNA operon expressed in vivo in multicopy plasmids. Cell 1983, 32, 1337–1346. [Google Scholar] [CrossRef]

	



Paul, B.J.; Ross, W.; Gaal, T.; Gourse, R.L. rRNA transcription in Escherichia coli. Annu. Rev. Genet. 2004, 38, 749–770. [Google Scholar] [CrossRef]

	



Liesack, W.; Stackebrandt, E. Evidence for unlinked rrn operons in the Planctomycete Pirellula marina. J. Bacteriol. 1989, 171, 5025–5030. [Google Scholar] [CrossRef]

	



Tu, J.; Zillig, W. Organization of rRNA structural genes in the archaebacterium Thermoplasma acidophilum. Nucleic Acids Res. 1982, 10, 7231–7245. [Google Scholar] [CrossRef]

	



Munson, M.A.; Baumann, L.; Baumann, P. Buchnera aphidicola (a prokaryotic endosymbiont of aphids) contains a putative 16S rRNA operon unlinked to the 23S rRNA-encoding gene: Sequence determination, and promoter and terminator analysis. Gene 1993, 137, 171–178. [Google Scholar] [CrossRef]

	



Bensaadi-Merchermek, N.; Salvado, J.-C.; Cagnon, C.; Karama, S.; Mouchès, C. Characterization of the unlinked 16S rDNA and 23S-5S rRNA operon of Wolbachia pipientis, a prokaryotic parasite of insect gonads. Gene 1995, 165, 81–86. [Google Scholar] [CrossRef]

	



Iost, I.; Chabas, S.; Darfeuille, F. Maturation of atypical ribosomal RNA precursors in Helicobacter pylori. Nucleic Acids Res. 2019, 47, 5906–5921. [Google Scholar] [CrossRef] [PubMed]

	



Brewer, T.E.; Albertsen, M.; Edwards, A.; Kirkegaard, R.H.; Rocha, E.P.C.; Fierer, N. Unlinked rRNA genes are widespread among bacteria and archaea. ISME J. 2020, 14, 597–608. [Google Scholar] [CrossRef]

	



Ciufo, S.; Kannan, S.; Sharma, S.; Badretdin, A.; Clark, K.; Turner, S.; Brover, S.; Schoch, C.L.; Kimchi, A.; Di Cuccio, M. Using average nucleotide identity to improve taxonomic assignments in prokaryotic genomes at the NCBI. Int. J. Syst. Evol. Microbiol. 2018, 68, 2386–2392. [Google Scholar] [CrossRef] [PubMed]

	



Merchant, S.; Wood, D.E.; Salzberg, S.L. Unexpected cross-species contamination in genome sequencing projects. PeerJ 2014, 2, e675. [Google Scholar] [CrossRef] [PubMed]

	



Steinegger, M.; Salzberg, S.L. Terminating contamination: Large-scale search identifies more than 2,000,000 contaminated entries in GenBank. Genome Biol. 2020, 21, 115. [Google Scholar] [CrossRef]

	



Parks, D.H.; Chuvochina, M.; Waite, D.W.; Rinke, C.; Skarshewski, A.; Chaumeil, P.-A.; Hugenholtz, P. A standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of life. Nat. Biotechnol. 2018, 36, 996–1004. [Google Scholar] [CrossRef]

	



Chaumeil, P.-A.; Mussig, A.J.; Hugenholtz, P.; Parks, D.H. GTDB-Tk: A toolkit to classify genomes with the Genome Taxonomy Database. Bioinformatics 2019, 36, 1925–1927. [Google Scholar] [CrossRef]

	



Matsen, F.A.; Kodner, R.B.; Armbrust, E.V. pplacer: Linear time maximum-likelihood and Bayesian phylogenetic placement of sequences onto a fixed reference tree. BMC Bioinform. 2010, 11, 538. [Google Scholar] [CrossRef]

	



Letunic, I.; Bork, P. Interactive Tree of Life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res. 2019, 47, W256–W259. [Google Scholar] [CrossRef]

	



Barribeau, S.M.; Parker, B.J.; Gerardo, N.M. Exposure to natural pathogens reveals costly aphid response to fungi but not bacteria. Ecol. Evol. 2014, 4, 488–493. [Google Scholar] [CrossRef] [PubMed]

	



Daims, H.; Purkhold, U.; Bjerrum, L.; Arnold, E.; Wilderer, P.A.; Wagner, M. Nitrification in sequencing biofilm batch reactors: Lessons from molecular approaches. Water Sci. Technol. 2001, 43, 9–18. [Google Scholar] [CrossRef]

	



Zeng, Y.H.; Koblížek, M.; Li, Y.X.; Liu, Y.P.; Feng, F.Y.; Ji, J.D.; Jian, J.C.; Wu, Z.H. Long PCR-RFLP of 16S-ITS-23S rRNA genes: A high-resolution molecular tool for bacterial genotyping. J. Appl. Microbiol. 2013, 114, 433–447. [Google Scholar] [CrossRef] [PubMed]

	



Van Camp, G.; Chapelle, S.; De Wachter, R. Amplification and sequencing of variable regions in bacterial 23S ribosomal RNA genes with conserved primer sequences. Curr. Microbiol. 1993, 27, 147–151. [Google Scholar] [CrossRef] [PubMed]

	



Rice, P.; Longden, I.; Bleasby, A. EMBOSS: The European Molecular Biology Open Software Suite. Trends Genet. 2000, 16, 276–277. [Google Scholar] [CrossRef]

	



Reyes-Prieto, M.; Vargas-Chávez, C.; Latorre, A.; Moya, A. SymbioGenomesDB: A database for the integration and access to knowledge on host–symbiont relationships. Database 2015, 2015, bav109. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2018; Volume 2018. [Google Scholar]

	



Huerta-Cepas, J.; Forslund, K.; Coelho, L.P.; Szklarczyk, D.; Jensen, L.J.; von Mering, C.; Bork, P. Fast Genome-Wide Functional Annotation through Orthology Assignment by eggNOG-Mapper. Mol. Biol. Evol. 2017, 34, 2115–2122. [Google Scholar] [CrossRef] [PubMed]

	



Huerta-Cepas, J.; Szklarczyk, D.; Heller, D.; Hernández-Plaza, A.; Forslund, S.K.; Cook, H.; Mende, D.R.; Letunic, I.; Rattei, T.; Jensen, L.J.; et al. eggNOG 5.0: A hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 2019, 47, D309–D314. [Google Scholar] [CrossRef]

	



Eddy, S.R. Accelerated Profile HMM Searches. PLoS Comput. Biol. 2011, 7, e1002195. [Google Scholar] [CrossRef]

	



Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; Heisterkamp, S.; Van Willigen, B.; Maintainer, R. Package ‘nlme’. Linear Nonlinear Mixed Eff. Model. 2017, 3, 1–336. [Google Scholar]

	



Analyses of Phylogenetics and Evolution. Available online: https://cran.stat.unipd.it/web/packages/ape/ape.pdf (accessed on 24 March 2020).

	



Whitman, W.B.; Oren, A.; Chuvochina, M.; da Costa, M.S.; Garrity, G.M.; Rainey, F.A.; Rossello-Mora, R.; Schink, B.; Sutcliffe, I.; Trujillo, M.E.; et al. Proposal of the suffix–ota to denote phyla. Addendum to ‘Proposal to include the rank of phylum in the International Code of Nomenclature of Prokaryotes’. Int. J. Syst. Evol. Microbiol. 2018, 68, 967–969. [Google Scholar] [CrossRef] [PubMed]

	



Haft, D.H.; DiCuccio, M.; Badretdin, A.; Brover, V.; Chetvernin, V.; O’Neill, K.; Li, W.; Chitsaz, F.; Derbyshire, M.K.; Gonzales, N.R.; et al. RefSeq: An update on prokaryotic genome annotation and curation. Nucleic Acids Res. 2017, 46, D851–D860. [Google Scholar] [CrossRef] [PubMed]

	



Toju, H.; Tanabe, A.S.; Notsu, Y.; Sota, T.; Fukatsu, T. Diversification of endosymbiosis: Replacements, co-speciation and promiscuity of bacteriocyte symbionts in weevils. ISME J. 2013, 7, 1378–1390. [Google Scholar] [CrossRef] [PubMed]

	



McCutcheon, J.P.; Moran, N.A. Extreme genome reduction in symbiotic bacteria. Nat. Rev. Microbiol. 2012, 10, 13–26. [Google Scholar] [CrossRef] [PubMed]

	



Giovannoni, S.J.; Cameron Thrash, J.; Temperton, B. Implications of streamlining theory for microbial ecology. ISME J. 2014, 8, 1553–1565. [Google Scholar] [CrossRef] [PubMed]

	



Bechhofer, D.H.; Deutscher, M.P. Bacterial ribonucleases and their roles in RNA metabolism. Crit. Rev. Biochem. Mol. Biol. 2019, 54, 242–300. [Google Scholar] [CrossRef] [PubMed]

	



Breitwieser, F.P.; Lu, J.; Salzberg, S.L. A review of methods and databases for metagenomic classification and assembly. Brief. Bioinform. 2019, 20, 1125–1136. [Google Scholar] [CrossRef]

	



Denton, J.F.; Lugo-Martinez, J.; Tucker, A.E.; Schrider, D.R.; Warren, W.C.; Hahn, M.W. Extensive Error in the Number of Genes Inferred from Draft Genome Assemblies. PLoS Comput. Biol. 2014, 10, e1003998. [Google Scholar] [CrossRef]

	



Bonnet, S.I.; Binetruy, F.; Hernández-Jarguín, A.M.; Duron, O. The tick microbiome: Why non-pathogenic microorganisms matter in tick biology and pathogen transmission. Front. Cell. Infect. Microbiol. 2017, 7, 236. [Google Scholar] [CrossRef]

	



Hildebrand, F.; Meyer, A.; Eyre-Walker, A. Evidence of selection upon genomic GC-content in bacteria. PLoS Genet. 2010, 6, e1001107. [Google Scholar] [CrossRef]

	



Omelchenko, M.V.; Wolf, Y.I.; Gaidamakova, E.K.; Matrosova, V.Y.; Vasilenko, A.; Zhai, M.; Daly, M.J.; Koonin, E.V.; Makarova, K.S. Comparative genomics of Thermus thermophilus and Deinococcus radiodurans: Divergent routes of adaptation to thermophily and radiation resistance. BMC Evol. Biol. 2005, 5, 57. [Google Scholar] [CrossRef] [PubMed]

	



Kumwenda, B.; Litthauer, D.; Reva, O. Analysis of genomic rearrangements, horizontal gene transfer and role of plasmids in the evolution of industrial important Thermus species. BMC Genom. 2014, 15, 813. [Google Scholar] [CrossRef] [PubMed]

	



McMurdie, P.J.; Behrens, S.F.; Müller, J.A.; Göke, J.; Ritalahti, K.M.; Wagner, R.; Goltsman, E.; Lapidus, A.; Holmes, S.; Löffler, F.E. Localized plasticity in the streamlined genomes of vinyl chloride respiring Dehalococcoides. PLoS Genet. 2009, 5, e1000714. [Google Scholar] [CrossRef] [PubMed]

	



Hurst, L.D.; Merchant, A.R. High guanine–cytosine content is not an adaptation to high temperature: A comparative analysis amongst prokaryotes. Proc. R. Soc. Lond. Ser. B Biol. Sci. 2001, 268, 493–497. [Google Scholar] [CrossRef] [PubMed]

	



Musto, H.; Naya, H.; Zavala, A.; Romero, H.; Alvarez-Valín, F.; Bernardi, G. Correlations between genomic GC levels and optimal growth temperatures in prokaryotes. FEBS Lett. 2004, 573, 73–77. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, A.K.; Schlessinger, D. Mechanism and regulation of bacterial ribosomal RNA processing. Annu. Rev. Microbiol. 1990, 44, 105–129. [Google Scholar] [CrossRef]

	



Kaczanowska, M.; Rydén-Aulin, M. Ribosome biogenesis and the translation process in Escherichia coli. Microbiol. Mol. Biol. Rev. 2007, 71, 477–494. [Google Scholar] [CrossRef]

	



George, E.E.; Husnik, F.; Tashyreva, D.; Prokopchuk, G.; Horák, A.; Kwong, W.K.; Lukeš, J.; Keeling, P.J. Highly Reduced Genomes of Protist Endosymbionts Show Evolutionary Convergence. Curr. Biol. 2020, 30, 925–933.e923. [Google Scholar] [CrossRef]

	



Moran, N.A.; Dunbar, H.E.; Wilcox, J.L. Regulation of Transcription in a Reduced Bacterial Genome: Nutrient-Provisioning Genes of the Obligate Symbiont Buchnera aphidicola. J. Bacteriol. 2005, 187, 4229. [Google Scholar] [CrossRef]

	



Knobloch, S.; Jóhannsson, R.; Marteinsson, V.Þ. Genome analysis of sponge symbiont ‘Candidatus Halichondribacter symbioticus’ shows genomic adaptation to a host-dependent lifestyle. Environ. Microbiol. 2020, 22, 483–498. [Google Scholar] [CrossRef]

	



Hirokawa, G.; Nijman, R.M.; Raj, V.S.; Kaji, H.; Igarashi, K.; Kaji, A. The role of ribosome recycling factor in dissociation of 70S ribosomes into subunits. RNA 2005, 11, 1317–1328. [Google Scholar] [CrossRef] [PubMed]

	



Piir, K.; Paier, A.; Liiv, A.; Tenson, T.; Maiväli, U. Ribosome degradation in growing bacteria. EMBO Rep. 2011, 12, 458–462. [Google Scholar] [CrossRef] [PubMed]

	



Zundel, M.A.; Basturea, G.N.; Deutscher, M.P. Initiation of ribosome degradation during starvation in Escherichia coli. RNA 2009, 15, 977–983. [Google Scholar] [CrossRef] [PubMed]

	



Lankiewicz, T.S.; Cottrell, M.T.; Kirchman, D.L. Growth rates and rRNA content of four marine bacteria in pure cultures and in the Delaware estuary. ISME J. 2016, 10, 823–832. [Google Scholar] [CrossRef] [PubMed]

	



La Manno, G.; Soldatov, R.; Zeisel, A.; Braun, E.; Hochgerner, H.; Petukhov, V.; Lidschreiber, K.; Kastriti, M.E.; Lönnerberg, P.; Furlan, A.; et al. RNA velocity of single cells. Nature 2018, 560, 494–498. [Google Scholar] [CrossRef] [PubMed]

	



Mackie, G.A. RNase E: At the interface of bacterial RNA processing and decay. Nat. Rev. Microbiol. 2013, 11, 45–57. [Google Scholar] [CrossRef]

	



Kennell, D. Processing endoribonucleases and mRNA degradation in bacteria. J. Bacteriol. 2002, 184, 4645–4665. [Google Scholar] [CrossRef]

	



Li, Z.; Pandit, S.; Deutscher, M.P. Maturation of 23S ribosomal RNA requires the exoribonuclease RNase T. RNA 1999, 5, 139–146. [Google Scholar] [CrossRef]

	



Ishii, R.; Nureki, O.; Yokoyama, S. Crystal Structure of the tRNA Processing Enzyme RNase PH from Aquifex aeolicus. J. Biol. Chem. 2003, 278, 32397–32404. [Google Scholar] [CrossRef]

	



Sulthana, S.; Basturea, G.N.; Deutscher, M.P. Elucidation of pathways of ribosomal RNA degradation: An essential role for RNase E. RNA 2016, 22, 1163–1171. [Google Scholar] [CrossRef]

	



Fessler, M.; Gummesson, B.; Charbon, G.; Svenningsen, S.L.; Sørensen, M.A. Short-term kinetics of rRNA degradation in Escherichia coli upon starvation for carbon, amino acid or phosphate. Mol. Microbiol. 2020, 113, 951–963. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 09 00440 g001 550] 





Figure 1. Flowchart of operon status identification from the complete genome sequence. 
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Figure 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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Figure 3. Results of genome screening. (A) Changes in taxonomy at the species level as a result of Genome Taxonomy Database (GTDB) reclassification; (B) the rRNA operon status of genomes used in this analysis; (C) differences from the previous analysis. Changes in taxonomy and operon status were indicated. * The group “unlinked → mixed” contained 13 “reclassified in genus.” (D,E) Distribution of rRNA gene copy numbers in a genus with a 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× interquartile ranges. Dots that do not overlap whiskers are 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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Figure 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 5. PCA plot of genomic features of symbiotic bacteria. Five genomic features showing the variation of 9467 symbiotic genomes with the rRNA operon linkage status in the principal component analysis (PCA). Each dot represents one bacterial genome. rRNA operon-unlinked bacteria were more distributed along the direction of the higher genome adenine–thymine (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 6. Comparisons of genomic features between symbiotic bacteria and nonsymbiotic bacteria with unlinked rRNA operons. The differences in genomic features between symbionts and nonsymbionts that have only unlinked rRNA operons are displayed. (A) The 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. The AT content of the genome and 16S rRNA was significantly different between symbionts and nonsymbionts (p < 0.001). (B) The average length of the 16S rRNAs and 23S rRNAs of each genome was plotted. (C) The boxplots of the whole genome size of symbionts and nonsymbionts. The whole genome size was significantly different between symbionts and nonsymbionts (the average of the whole genome size: 1.683 Mbp (symbionts), 2.923 Mbp (nonsymbionts); p < 0.001). (D) The histograms of 16S rRNA gene copies on genomes of symbionts and nonsymbionts. 
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Figure 7. Quantitative abundance of Clusters of Orthologous (COG) categories between linked and unlinked genomes. Mixed genomes are excluded, and the average number of each group is 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, Defense 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 8. Heatmap drawn based on the number of RNases in the 30 genera. The phylogenetic relationship was determined by randomly selecting one genome for each genus and pruning it from the tree made by GTDBtk. After 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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