

  symmetry-14-01431




symmetry-14-01431







Symmetry 2022, 14(7), 1431; doi:10.3390/sym14071431




Communication



Damage-Induced Mutation Clustering in Gram-Positive Bacteria: Preliminary Data



Raushan Nugmanova, Yerlan Ramankulov and Pavel Tarlykov *[image: Orcid]





National Center for Biotechnology, Nur-Sultan 010000, Kazakhstan









*



Correspondence: tarlykov@biocenter.kz







Academic Editors: Nicoletta Coccaro and Cosimo Cumbo



Received: 20 May 2022 / Accepted: 12 July 2022 / Published: 12 July 2022



Abstract

:

The phenomenon of a nonrandom distribution of mutations in a genome has been observed for many years. In fact, recent findings have indicated the presence of mutation clusters in different biological systems, including chemically treated yeast, transgenic mice, and human cancer cells. Until now, an asymmetrical distribution of mutations was only described in a single bacterial species. Here, we used ethyl methanesulfonate mutagenesis and a whole-genome sequencing approach to determine if this phenomenon is universal and not confined to Gram-negative bacteria. The Gram-positive bacterium Bacillus subtilis was selected for ethyl methanesulfonate treatment, followed by the next-generation sequencing of several mutagenized B. subtilis genomes. A nonrandom distribution of mutations was observed. This pilot study with a limited number of sequenced clones may indicate not only the universality of the phenomenon of mutation clusters but also the effectiveness of the use of a whole-genome sequencing approach in studying this phenomenon.
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1. Introduction


According to evolutionary theory, mutations are randomly distributed in the genomic space [1,2]. Nevertheless, several studies have revealed the simultaneous occurrence of multiple mutations in particular positions of the chromosome, while the remainder of the genome remains virtually intact [3,4,5,6,7]. As a result, a large number of mutations accumulate within a restricted genome space, leading to cluster formation [8,9]. Such a phenomenon has been referred to as mutation clusters, mutation showers, hotspots, or kataegis, and these clusters can be found in various life forms, from phages to higher eukaryotic organisms such as humans [2,10]. Moreover, recent studies in chemically treated Saccharomyces cerevisiae and Escherichia coli showed an unusual dispersion of mutations in the genome space, which also argues against the traditional idea of random distribution [2]. Together, these results indicate that more studies are required to elucidate this mechanism, as the position of mutations was found to be limited to particular regions of the genome, generating a mutation cluster. Importantly, there was a high prevalence of such clusters detected in cancer genomes, and these clusters are associated with growth and evolution. As multiple studies have reported the nonrandom distribution of mutations, it is possible that further investigations of the uniqueness and significance of such a phenomenon may reveal new genomic insights [2].



The examples mentioned above indicate that the sites of the genome where mutation occurs, as well as the process of mutagenesis itself, are localized and do not always obey random distribution theory. Therefore, studies using biological systems with deliberately induced mutations represent a useful and powerful approach that is appropriate for this kind of research. The example described below in a chemically mutagenized organism revealed the formation of mutation clusters in response to a mutagen. Such observations correlated with a simultaneous mutation pattern previously discovered in nature.



A study conducted by Parkhomchuk et al. revealed an uneven distribution of mutations in several E. coli genomes after induced mutagenesis by the alkylating agent ethyl methanesulfonate (EMS) [11]. The bacterial colonies were grown under the same conditions; after EMS treatment, several single colonies were randomly picked and analyzed by next-generation sequencing. The results revealed several features, e.g., long “stretches” of C-to-T or G-to-A coordinated mutations (mutation types caused by EMS) that formed clusters of different lengths. In addition, a “switch” from one type of “stretch” to another was observed as well as variations in the mutation density in the regions of the genome between sequenced colonies [11].



The fact that such a nonrandom distribution of mutations was found in Gram-negative E. coli after induced mutagenesis by EMS poses the question of whether such asymmetry of mutagenesis can also be observed in other bacterial species. However, there are no available studies on Gram-positive bacteria to date. Therefore, in this work, we examined if a similar nonuniform pattern of induced mutations can be found in the Gram-positive bacterium Bacillus subtilis. In the standard reference of bacterial phylogeny based on 16S rRNA sequence comparison, B. subtilis is a low-G + C Gram-positive bacterium that forms a monophyletic group with high-G + C Gram-positive bacteria such as Mycobacterium tuberculosis, although there is no particular relationship between these two species [12,13].



The application of advanced next-generation sequencing and bioinformatics tools allows studying aspects of genome dynamics with high accuracy [14,15,16]. Thus, the Ion Torrent next-generation sequencing platform was used for the analysis of mutagenized B. subtilis single colonies.




2. Materials and Methods


2.1. Bacterial Strains and Mutagenesis


Bacillus subtilis subsp. subtilis, strain 168 was obtained from Dr. V. Ogryzko (Gustave Roussy, Villejuif, France). Mutagenesis was induced according to the protocol by Miller [17,18]. Bacteria were grown in LB (Luria–Bertani) broth and then diluted in a 1:50 ratio in LB broth on a shaker at 37 °C to an OD of 0.3–0.4. The cells were precipitated by centrifugation at 1500–2000 rpm within 5 min, washed twice with PBS (phosphate-buffered saline; 137.93 mM NaCl, 2.67 mM KCl, 1.47 mM KH2PO4, and 8.1 mM Na2HPO4, pH 7.4; Invitrogen, Waltham, MA, USA), and then resuspended in half of the original PBS volume. EMS (75 µL) was added to 5 mL of a cell suspension, which was placed on a shaker at 50 rpm for 2 h at 37 °C. The cells were then centrifuged, washed in PBS twice, resuspended in 10 mL of LB broth, and cultured for 2 h. The cells were then precipitated by centrifugation at 1500–2000 rpm for 5 min, washed twice with PBS, resuspended in 50 μL of PBS, and streaked on LB agar plates. The next day, the plates were checked for the presence of separate colonies. Five colonies and a B. subtilis control sample were randomly selected and plated on new LB agar. The next day, the colonies were transferred into 2 mL of LB broth and cultured for 2 h to obtain DNA for subsequent full-genome sequencing. The cells were then precipitated by centrifugation, washed in PBS, and stored at 20 °C before DNA extraction.




2.2. DNA Extraction


Extraction of genomic DNA was performed according to a previously described protocol [19]. Three (B. subtilis colonies #1, #3, and #4) out of five mutagenized colonies and a control sample were selected. DNA samples of the other two colonies (B. subtilis colonies #2 and #5) were not processed further and stored at −80 °C. Bacterial cells were resuspended in 100 μL of TE-containing wall-degrading enzyme lysozyme (10 mg/mL) buffer. Lysozyme was also prepared in 1 × TE buffer (pH 8.0), and cells were incubated for 2 h at 37 °C. Then, 5 μL of proteinase K (stock 20 mg/mL, final concentration 100 μg/mL) was added, and the sample was incubated for 1 h at 60 °C. A total of 500 μL of DNAzol reagent (Invitrogen) was added to 100 μL of the lysed mixture and incubated for 5 min at 65 °C. The samples were processed using centrifugal filter units (Millipore, Burlington, MA, USA) according to the manufacturer’s instructions. To elute DNA, 55 μL of warm (65 °C) 1 × TE buffer was added to the center of the membrane to allow interaction with the resin for 1 min. The DNA was eluted by centrifugation at 13,200 rpm for 1 min. The quality of the DNA was checked using a Nanodrop 1000 (Thermo, Waltham, MA, USA) and a Qubit 2.0 fluorometer (Thermo) with a Qubit double-stranded DNA (dsDNA) high-sensitivity (HS) assay kit (Thermo). DNA samples were stored at −80 °C.




2.3. Ion Torrent Sequencing and Mutation Calling


Up to 100 ng of total B. subtilis genomic DNA was used for the library preparation step according to the Ion Torrent protocol. Barcoded libraries were prepared using an Ion Xpress Plus fragment library kit and an Ion Xpress barcode adapters 1–16 kit (Thermo). The median library size of 480 bp for the adapter-ligated 400-base-read library was size-selected with E-Gel SizeSelect II Agarose Gel (Invitrogen). The sequencing was conducted on an Ion Torrent PGM sequencing platform using an Ion PGM™ HiQ sequencing kit (Thermo) and Ion 318TM Chip as described earlier [20].



Ion Torrent sequencing chemistry is based on the detection of the hydrogen ions release by the pH change upon the incorporation of the nucleotide. Liberated proton causes the pH shift in the solution that is proportional to the quantity of incorporated nucleotide during the flow (0.02 pH units equivalent to the one incorporated base). Such pH change (ΔpH) causes a change in the surface charge of the metal-oxide-sensing layer, which subsequently leads to the potential change (ΔV) in the source of the sensor plate and then raw data converted into the base calls through signal-processing software ready for further analysis.



For data analysis, FASTQ files (B. subtilis_col_1, B. subtilis_col_3, B. subtilis_col_4, and B. subtilis_control) were processed with the NGSQC Toolkit v.2.3.3 for end trimming. Quality control of the reads was assessed using the FASTQC v.0.11.5 quality control tool. Alignment with the reference sequence Bacillus_subtilis_subsp_subtilis_str_168 (NZ_CP010052.1) from the Gene Bank database was performed using the BWA v.0.7.12 program through the bwa-men algorithm. The Samtools v.1.3-1.1 utility was used for sorting and indexing the outcome BAM files. Mutation calling was performed by the VarScan v.2.3.9 program. Visualization of the variant type, frequency, and distribution of SNPs in the genome was performed using RStudio v.1.0.44 and Python v.2.7.





3. Results


Sequencing of the four B. subtilis genomes revealed an average of 35 mutations per genome among the mutagenized samples. The predominance of G-to-A and C-to-T replacements was expected as EMS mutagenesis predominantly results in such transitions. The numbers of SNPs found in B. subtilis genomes from colonies 1, 3, and 4 are shown in Table 1. The number of mutations varied between the samples (Figure 1). Additional validation of the mutations was not carried out in this preliminary study.



From Table 1, we may conclude that the genome of B. subtilis colony #1 had the highest number of SNPs compared with all other samples since the corresponding third column in the figure is red, indicating a high SNP count. In addition to the SNPs caused by EMS (C-to-T and G-to-A transitions), other mutation types, including T-to-A, C-to-G, C-to-A, and T-to-C transitions, could be found in the genomes. However, these were rare, with no more than one such SNP in each sample (Table 1 and Figure 1).



Among the transitions caused by EMS, the genome of B. subtilis colony #1 was characterized by a higher prevalence of G-to-A (42) than C-to-T (19) transitions. In B. subtilis colony #3, there was an almost equal proportion of transitions (12 G-to-A and 13 C-to-T). B. subtilis colony #4 was characterized by the lowest number of SNPs, where only 3 SNPs were G-to-A while 13 were C-to-T transitions. Two changes were observed in the B. subtilis control sample (one G-to-A and one T-to-A). A comparison of the genome sequences from the three randomly selected mutagenized single colonies (B. subtilis #1, B. subtilis #3, and B. subtilis #4) and the non-mutagenized B. subtilis control sample showed a strikingly nonrandom mutation distribution pattern in B. subtilis colony #1 (Table S1 and Figure S1).



For example, the presence of either C-to-T or G-to-A coordinated mutation clusters was observed in the genome of B. subtilis colony #1. Moreover, these clusters were organized in the form of genome “stretches” of different lengths (Figure S1). Such a mutation distribution pattern was not as pronounced in the genomes of B. subtilis colonies #3 and #4 (Figure S2). The distributions of mutation types in the genomes of B. subtilis colonies #3 and #4 are shown in Tables S2 and S3 and Figure S2. None of the identified mutations were common between the colonies in terms of their position on the reference genome (Tables S1–S3).



Notably, B. subtilis colony #1 had an unusual type of stretch that switched to the stretch of the opposite type. For example, C-to-T coordinated mutation clusters were switched to stretches of the G-to-A kind (Figure S1). Moreover, whole-genome sequencing (WGS) of B. subtilis colony #1 revealed a significantly different number of clusters and “switches” that spanned the genome compared with B. subtilis colonies #3 and #4.



In addition, there was a significant difference in the mutation cluster density in different regions of the genomic space. WGS data from colony #1 revealed an uneven distribution of mutations in the genome, characterized by strong clustering in the region from 3,500,000 to OriC, whereas clustering in the other regions of the genome was not as dense. Thus, these findings indicate an asymmetric distribution of mutations, consistent with the pattern observed in Gram-negative E. coli.



To confirm the presence of an asymmetric distribution of mutations, a genetic map with a random distribution algorithm in the genome was constructed. For B. subtilis colony #1, the genetic map on the left shows the actual distribution of mutations found in our study, while the genetic map on the right represents a simulated random distribution of these mutations in the genome (Figure 2).




4. Discussion


One of the main strengths of the current study was its ability to analyze the effects of mutagenesis from the whole-genome perspective using a next-generation sequencing approach. In the past, mutation distribution was commonly studied from the perspective of mutation hotspots. Later, the incidence of nonrandom mutation distributions in the form of clusters was observed in other organisms and even in cancer genomes, suggesting that mutation clusters are more common and universal than previously believed [11].



One possible explanation for the phenomenon of mutation clusters is that this confers selective advantage for evolution of new traits. One example is somatic hypermutation in adaptive immunity [10]. Interestingly, such asymmetry of mutation distribution was also found in chemically mutagenized organisms such as yeasts and Gram-negative E. coli [10,11]. The fact that the generation of such patterns can be induced by a mutagenic agent is attractive for further studies. Since mutation clusters were discovered in E. coli, we wanted to explore whether this phenomenon also occurs in Gram-positive B. subtilis, potentially indicating a universal phenomenon. We used a next-generation sequencing approach to perform a comprehensive, genome-wide analysis of mutations. Following the original study by Parkhomchuk et al., mutagenesis was induced by the alkylating agent EMS, and individual colonies were randomly selected for analysis by WGS on Ion Torrent PGM [11].



Nonrandom Mutation Distribution


Whole-genome sequencing data allowed us to detect 62 SNPs in mutagenized B. subtilis colony #1, 27 SNPs in colony #3 and 18 SNPs in colony #4. In our pilot study, three genomes of B. subtilis were sequenced after EMS mutagenesis. One mutagenized sample (colony #1) revealed a nonrandom pattern of mutation clustering at the genomic scale.



Notably, the presence of mutation clusters (only C-to-T or G-to-A transitions) coordinated and formed a stretch spanning the entire genome, similar to the pattern observed by Parkhomchuk et al., in E. coli. According to that study, the presence of C-to-T and G-to-A coordinated stretches can be explained by the semiconservative model of DNA replication, since EMS activity results in an O6-alkylguanine that mispairs with thymine; thus, after the second round of replication, G is replaced by A [11]. Considering a DNA stretch where each strand becomes an EMS target, upon segregation of the daughter strands after each replication round, each descendant cell would receive either a C-to-T or a G-to-A transition. The repair process involving conversion of the methylated guanine back to its original state by methyltransferase (MTase) is taken into consideration [21]. Thus, mutation cluster stretches are due to induced mutation fixation by the activity of DNA polymerase and further daughter-strand segregation into individual cells [11].



In addition to the two types of mutation cluster stretches, transition from one stretch type to another was also observed. For example, in B. subtilis colony #1, the switch from one stretch to another was similar to that seen in the E. coli study. An explanation for this feature was also provided by Parkhomchuk et al., i.e., the involvement of homologous recombination in the process of DNA repair. The activity of the alkylating agent results in the addition of an alkyl group to positions of DNA bases. Although strong mutagenicity is present upon the formation of O6-alkylguanine, activity on other bases results in 3-methyl adenine, 3-methyl cytosine, and 1-methyl adenine lesions that lead to replication fork collapse, the repair of which is achieved through sister-strand exchange.



Thus, the resulting hybrid DNA consists of sections of both daughter strands, divided by the recombination site, and it contains lesion records from the parental strands [1]. In the study by Parkhomchuk et al., such a theory was confirmed by sequencing the three recA E. coli mutants after EMS treatment [11]. Analysis revealed a reduction in and even absence of the transition switches in the genomes [10]. Another important feature is the difference in the mutation distribution pattern among the three genomes that were sequenced. Whereas B. subtilis colony #1 was clearly characterized by a significantly high number of mutations and the strong presence of asymmetric features, the genomes of colonies #3 and #4 had fewer mutations, and the asymmetric distribution was less pronounced. While the presence of a stretch of mutation clusters and switches from one transition to another in our study can be explained by known enzymatic processes (repair and DNA replication model), it remains unclear why some genomic regions were subjected to extensive mutation clusters while the remainder of the genome remained intact. In principle, several factors might contribute, at least in part, to the formation of mutation clusters.



Firstly, the authors of the original study suggested that there may be variation in the number of repair enzymes in each cell. Therefore, fluctuations in the number of repair proteins may contribute to differences in the mutation density in the genomes [10]. Secondly, the authors also proposed a theory of competition between the processes of DNA repair and replication. To test this, the mutagenized E. coli was maintained in PBS solution to achieve a nonreplicating state. After plating, restoration of growth conditions, and subsequent sequencing of three E. coli genomes, changes in mutation pattern were detected. In one colony, a significant reduction in the number of mutations was observed; in the remaining two genomes, the position of mutations was predominantly within a replication terminus region [10].



Thus, according to Parkhomchuk et al., since the work was conducted in exponentially growing cultures, the replication process within the OriC region in the majority of cells was already completed [11]. After EMS treatment, the cells were transferred to a nutrient-deficient environment where the replication process around the terminus region could be completed, leading to the conversion of lesions to mutations preceding the repair [11].



However, the opportunity to replicate in the OriC area is lower. Hence, the lesions were probably subjected to repair prior to the replication and further fixation of mutations. Moreover, according to a recent publication by Chan and Gordenin, the study on E. coli remains the only example where replication preceded the repair, leading to the formation of mutation clusters in the genome [10].



It is also worth mentioning that such intergenomic differences in the number of mutations that were found in our study and that by Parkhomchuk et al. could have been caused by the different physiological state of bacteria. Since growth occurred in LB broth and the physiological state of E. coli in the OD600 range of 0.3–1.0 fluctuates, this may have somehow affected the response of individual cells to EMS treatment and led to differences in mutation number among several samples [11,22]. This possibility may have also occurred in B. subtilis.





5. Conclusions


Multiple studies on different biological systems have reported the presence of mutation clusters in the genomic space. Whole-genome sequencing of chemically treated Gram-negative E. coli also revealed a nonrandom mutation distribution. Correlations between individual molecular events were detected at the single-colony level using modern high-throughput sequencing technology.



Thus, mutation clusters appear to arise in response to both endogenous and exogenous stressors. The underlying mechanisms are poorly understood in both cases. In this work, we used this strategy to extend earlier studies in Gram-negative bacteria to Gram-positive B. subtilis to determine whether this phenomenon is universal. The next-generation sequencing approach allowed the analysis of several mutagenized B. subtilis genomes that followed a nonrandom mutation distribution pattern with previously described signatures, such as stretches and switches. Lastly, it is not clear whether clustering of mutations is due to (i) a clustering effect of EMS damage on the DNA duplex with certain regions being better alkylated, (ii) unequal DNA repair and DNA recombination/replication/transcription, or (iii) natural selection, whereby clustered mutations may have less of an effect on cell fitness. All of these possibilities will be addressed in a future study. The main concern regarding this preliminary dataset is that the number of sequenced clones (three) is not sufficient to make final conclusions about the distribution pattern of mutations.



Future studies may confirm our preliminary conclusions on a larger dataset, which will provide a better understanding of the factors that regulate mutation dynamics and how these controls cellular processes in bacteria. In our work, we set out to explore how this analysis can help in observing, at the single-colony level, the interactions between the induced mutagenesis contributing to mutation generation and clustering.
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Figure 1. Type and frequency of SNPs in B. subtilis genomes after EMS mutagenesis. The genome of B. subtilis colony #1 had the highest number of SNPs (62), followed by colony #3 (27) and colony #4 (18). C-to-T and G-to-A transitions were the most prevalent among SNPs. Other base transitions were also present. 
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Figure 2. Comparison of non-random (experimental) and random mutation distribution (simulated). Mutation distribution pattern observed in the genome of B. subtilis colony #1 (left). Simulated random distribution of the mutations in the genome of B. subtilis, based on average of 100,000 simulations of C-to-T, G-to-A and C-to-G transitions (right). OriC is an origin of replication. 
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Table 1. Genome-wide SNP profiles of the B. subtilis samples.






Table 1. Genome-wide SNP profiles of the B. subtilis samples.





	Sample
	Total Number of SNPs
	Number of G-to-A Transitions
	Number of C-to-T Transitions
	Number of T-to-A Transitions
	Number of C-to-G Transitions
	Number of C-to-A Transitions
	Number of T-to-C Transitions





	B. subtilis

Control

(no EMS)
	2 *
	1
	None
	1
	None
	None
	None



	B. subtilis

colony #1

(+ EMS)
	62
	43
	18
	None
	1
	None
	None



	B. subtilis

colony #3 (+ EMS)
	27
	12
	13
	1
	None
	1
	None



	B. subtilis

colony #4 (+ EMS)
	18
	3
	13
	1
	None
	None
	1







* Compared to NCBI reference sequence NZ_CP010052.1.
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