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Bacterial CRISPR/Cas systems target foreign genetic elements such as phages and regulate gene expression by some pathogens, even in the host. The system is a marker for evolutionary history and has been used for inferences in Mycobacterium tuberculosis for 30 years. However, knowledge about mycobacterial CRISPR/Cas systems remains limited. It is believed that Type III-A Cas systems are exclusive to Mycobacterium canettii and the M. tuberculosis complex (MTBC) of organisms and that very few of the >200 diverse species of non-tuberculous mycobacteria (NTM) possess any CRISPR/Cas system. This study sought unreported CRISPR/Cas loci across NTM to better understand mycobacterial evolution, particularly in species phylogenetically near the MTBC. An analysis of available mycobacterial genomes revealed that Cas systems are widespread across Mycobacteriaceae and that some species contain multiple types. The phylogeny of Cas loci shows scattered presence in many NTM, with variation even within species, suggesting gains/losses of these loci occur frequently. Cas Type III-A systems were identified in pathogenic Mycobacterium heckeshornense and the geological environmental isolate Mycobacterium SM1. In summary, mycobacterial CRISPR/Cas systems are numerous, Type III-A systems are unreliable as markers for MTBC evolution, and mycobacterial horizontal gene transfer appears to be a frequent source of genetic variation.
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Introduction

The impacts of mycobacteria on human and animal health are difficult to overstate. Apart from the well-known effects of the members of the Mycobacterium tuberculosis complex (MTBC), Mycobacterium avium complex members cause widespread losses in animal agriculture, numerous non-tuberculous mycobacteria cause disease in humans, mycobacterial biofilms pose challenges for water treatment and hospital infection control, and some species are merely innocuous saprophytes. With such diversity, it is perhaps surprising that mycobacterial genomes share much in common. Between Mycolicibacterium smegmatis, a distant and non-pathogenic saprophyte, and M. tuberculosis (MTB), M. avium, Mycolicibacterium leprae, and Mycolicibacterium abscessus—four highly divergent species in the Mycobacterium genus—there are over 1,000 genes with more than 50% amino acid identity (Judd et al., 2021). While this is less than a quarter of genes in MTB, M. leprae has undergone extensive genome reduction and has only 1,600 genes in total (Vissa and Brennan, 2001), meaning this conserved core gene set accounts for ~70% of the leprae genome. The closeness of the genetic background between mycobacteria has been discussed since before Illumina sequencing became prevalent and whole genome sequences were rare (Marri et al., 2006), with one argument for this closeness being an apparent dearth of horizontal gene transfer, at least as seen in MTBC organisms (Sreevatsan et al., 1997; Derbyshire and Gray, 2014). In the last 15 years, advances in mycobacterial genomics have revealed horizontal gene transfer occurring through unusual “distributive conjugative transfer” (DCT) mechanisms in M. smegmatis (Derbyshire and Gray, 2014; Gray and Derbyshire, 2018). While the extent of the effects of this process on mycobacterial diversity remains debated, it is now generally accepted that mycobacterial species undergo an atypical chromosomal genetic transfer that results in meiosis-like genome mosaics (Veyrier et al., 2009; Boritsch et al., 2014, 2016; Derbyshire and Gray, 2014; Madacki et al., 2021). It remains contested how much, if any, transfer occurs in the MTBC. However, DCT has been demonstrated to occur at low frequencies in Mycobacterium canettii, the “smooth tubercule” species at the periphery of the MTBC, and is presumed to be most like the proposed Mycobacterium prototuberculosis ancestor of modern MTB (Boritsch et al., 2014, 2016; Singh et al., 2021). The development of some mycobacteria into some of the most resilient and deadly human pathogens has followed an unclear evolutionary trajectory, and our understanding of genes and pathways in these organisms, how they function, and what roles they may or may not play in the pathogenesis or host adaptation is limited. Determining the relatedness of organisms has long been crucial in outbreak investigations. In the 1990s, tuberculosis outbreaks began being differentiated through restriction fragment length polymorphism analysis of mycobacterial insertion sequences (Otal et al., 1991) and later through “spoligotyping,” a technique that exploited unusual loci of spacers and was repeated in the MTB genome (Groenen et al., 1993; Kamerbeek et al., 1997). Subsequently, this pattern of repeats and spacers identified across different bacterial and archaeal genomes became the basis of a genetic revolution as the CRISPR/Cas system began to be understood and exploited for eukaryotic genome engineering (Barrangou et al., 2007; Garneau et al., 2010). While a tremendous amount of research has gone into the study of CRISPR/Cas systems across prokaryotes, the study of the system in mycobacteria has remained fairly limited. It has been speculated that the MTBC CRISPR/Cas system may be non-functional (He et al., 2012) and that CRISPR/Cas loci exist exclusively in the MTBC and M. canettii (Supply et al., 2013). However, research by Wei et al. (2019) and Grüschow et al. (2019) reported that the Type III-A system found in the MTBC is unique from other Type III-A systems, is actively expressed, and targets foreign genetic elements through an unusual cyclic hexa-adenylate signaling pathway instead of the expected nuclease-driven DNA cleavage (Grüschow et al., 2019; Wei et al., 2019). More attention has since been paid to M. canettii and its diversity, including the multiple CRISPR/Cas system types contained across its strains: Type III-A in STB-A and STB-D, Type I-C in STB-K, STB-L, and STB-J, Type I-E in STB-G, and STB-I and a variant Type I-C in STB-E and STB-H (Supply et al., 2013). The diversity in these systems and their presumed exclusive presence in these species spurred hypotheses that M. canettii acquired these systems from other non-mycobacterial environmental species and that an evolutionary history of the MTBC might be able to be derived through the tracing of this uptake (Singh et al., 2021). In 2021, Singh et al. explored 141 Mycobacteriaceae genomes to determine if CRISPR/Cas systems existed outside the M. canettii/MTBC cluster (Singh et al., 2021). They confirmed that Type III-A systems were exclusive to the M. canettii/MTBC group and also identified the rare presence of alternative systems in a handful of other Mycobacteriaceae. In this study, searches for CRISPR/Cas loci outside the MTBC revealed a substantial number of previously unannotated CRISPR/Cas systems across Mycobacteriaceae. Surprisingly, these systems show very little conservation, with variation in the presence and types of systems even between different isolates of the same species. This distribution of systems suggests that CRISPR/Cas loci regularly undergo exchange through DCT or other means of horizontal gene transfer. Further, with the identification of a Type III-A Cas system in the environmental isolate Mycobacterium sp. SM1 and in a clinically relevant, pathogenic non-tuberculous mycobacteria (NTM) species, Mycobacterium heckeshornense, this genetic locus' believed exclusivity to the MTBC clade is lost. Additionally, species proposed to represent evolutionary intermediates between environmental mycobacteria and professional pathogens, Mycobacterium riyadhense, Mycobacterium shinjukuense, and M. canettii (Sapriel et al., 2019; Guan et al., 2021), have CRISPR/Cas systems that are distinct from those found in the MTBC, which may suggest that the clonal state of the MTBC is the reason for Type III-A complexes' persistence and that such systems may have already been gained and lost in more mutable mycobacteria. Consequently, relying on non-essential marker loci may be unreliable for tracing evolutionary transitions from within to outside the complex, given the comparative fluidity of NTM genomes. A lack of conservation between spacer sequences across the complexes and species analyzed supports the idea that these systems actively incorporate new spacers in diverse environments and are not inactive relics of an ancestral Mycobacterium. Finally, this study expands on the recent findings by Singh et al. (2021) regarding the MTBC, including through the analysis of proximal Cas gene clusters, and also provides a word of caution when inferring ancestry based on the Type III-A system and, indeed, any Cas systems in Mycobacterium; the discovery of many seemingly complete and diverse CRISPR/Cas loci across mycobacteria challenges the notion of its scarcity. Furthermore, frequent variation in isolates even within a species supports the idea that mycobacterial horizontal gene transfer plays a large role in the ongoing diversification of these organisms.



Materials and methods

To collect loci for initial analysis, a database search through CRISPROne and CRISPR-Cas++ was conducted (Zhang and Ye, 2017; Couvin et al., 2018). These databases include the analysis of >32,000 genomes for CRISPROne (2018 release), >36,000 bacterial strains, and >500 archaeal strains for CRISPR-Cas++ (2022 release). These were explored for putative hits in Mycobacterium. Most hits in both databases are for M. tuberculosis and its variants (e.g., 560 entries out of 786 for CRISPR-Cas++). Questionable matches in each database come with scoring metrics, with most “Evidence Level 1” hits through CRISPR-Cas++'s CRISPRCasFinder being false positives. Potential loci of interest were collected from both databases, though CRISPROne's inclusion of draft genome sequences yielded far more data. Searches were performed with default parameters, except where otherwise noted. Secondary searches of these databases utilized the input of contigs or chromosomes downloaded from NCBI's repository to screen for homologs not included in the CRISPRone and CRISPRCasFinder pre-built databases (Sayers et al., 2022).

To determine the conservation of these sequences across Mycobacterium species and to assess any homology hits within the larger context of a locus necessary for actual CRISPR/Cas function, any putative hits in Mycobacterium were searched through tblastn and blastn of mycobacterial genomes, including the WGS database for Mycobacterium (tax ID: 1763) and subsequently Mycobacteriales (Altschul et al., 1990). Expanded searches were also conducted through the Bacterial and Viral Bioinformatics Resource Center website (BV-BRC.org) (Olson et al., 2022). Genomic data uploaded to BV-BRC were annotated through a different pipeline (RASTtk) than NCBI (PGAP), and both were queried for completeness (Brettin et al., 2015; Tatusova et al., 2016).

After the putative detection of two different classes of CRISPR/Cas complexes in some members of the Mycobacterium kansasii complex, the complexes were split and searched individually using a similar strategy. TBLASTN queries were conducted using the MK13 Locus I-C Cas8c (a multirole protein in type I-C complexes) and Cas5 (Cas I-C), as well as the MK13 Locus I-G Cas1 (which contains a characteristic Cas4 fusion in I-G complexes) sequences. These queries were performed against the WGS dataset filtered by Mycobacteriales (tax ID: 85007) using default parameters. However, the allowed return sequences were increased to 500 to ensure that homologous hits were not prematurely cut off by NCBI filters. Hits were selected from this list for the investigation to determine the likelihood they were real positives and to type any putative CRISPR system(s) identified. Searches were also conducted using PLfams models (genus-specific protein families) through BV-BRC to identify matches in other genomes and assess the genomic context of homologs in other genomes.

CRISPR repeat and spacer sequences were downloaded from CRISPRCasFinder. Owing to the intermittent availability of the CRISPR-Cas++ webserver's CRISPR Repeats and Spacers BLAST tool, the dataset was downloaded from the website, and custom BLAST databases were built on Michigan State University's High-Performance Computing Center supercomputing cluster to query spacers against for conservation using “makeblastdb” in the BLAST+ package (v2.7.1) (Camacho et al., 2009). Using these data, “blastn” searches were performed with default parameters in all cases.

To assess relatedness and clustering of complexes across Mycobacterium, a subset of identified Cas1 protein sequences from each annotated or putative complex across were acquired from NCBI and BV-BRC, using CRISPRCasFinder, CRISPROne, and NCBI's ORF Finder to identify loci that had escaped annotation in several cases. The 42 sequences (Supplementary material 1) were aligned using MUSCLE (v3.8.31, all parameters default), which yielded an alignment (Supplementary material 2) of 585 sites (Edgar, 2004). ModelTest-NG was used to calculate the best amino acid substitution model, which recommended LG+G4+F (Supplementary material 3) (Darriba et al., 2020). A maximum likelihood tree was then constructed using RAxML-NG (v.1.0.1) with the following options: –all, substitution model VT+G4+F, seed=882491, –bs-tree autoMRE for automatic determination of bootstrap value convergence. The tree construction process involved 50 random starting trees and 50 parsimony starting trees (Kozlov et al., 2019). The output tree had bootstrap tree support values appended to nodes using raxml-ng –support with the output files from tree generation. The tree was visualized in FigTree v1.4.4, exported as an SVG, and labeled and colored using Inkscape (Andrew Rambaut1; Inkscape2). The raw tree files in .nwk format are provided as Supplementary material 4.

For the translation of open reading frames and predicted cas gene sequences using CRISPRCasFinder, Expasy's Translate tool was used (Gasteiger et al., 2003). For comparison of protein sequence percent identity, the SIM Alignment Tool was used (Gasteiger et al., 2003).

Locus maps were created using BV-BRC's Compare Region Viewer. The exported SVGs were edited using Inkscape software to include only the CRISPR/Cas regions of interest unless other genes were a part of the locus (e.g., transposase insertions) and text labels were applied. The locus maps are only representative and are not drawn to scale. Each locus was visualized using the BV-BRC Compare Region Viewer option set to 20,000 nt.



Results


“cas3”/TatC

As previously published (He et al., 2012; Singh et al., 2021), very few hits were initially returned for Mycobacterium species outside the M. tuberculosis complex already known to host a system in either database query. One broadly conserved element that was similar to type-I systems' Cas3 protein was returned but found to be very similar to the non-Cas RNA helicase TatC and subsequently discounted as a false positive.



Orphan M. avium 104 loci

Mycobacterium avium strain 104, a well-established CRISPR locus was observed, which has been previously reported in other studies (He et al., 2012; Singh et al., 2021). BLAST searches were performed separately for the direct repeat (DR) sequences and spacer sequences within this locus. These searches utilized custom-built BLAST databases designed for direct_repeat/spacer_seqName.fsa and direct_repeat/spacer_taxon.fsa, specific to CRISPR-CR++ datasets. However, the search results only yielded hits for M. avium 104 (Couvin et al., 2018). Additionally, a separate BLASTN search was conducted for the concatenated repeats and spacer sequence of M. avium 104: “TGCTCCCCGCGTAAGCGGGGATGAACCGGTCGGTCACTGCGGTGGTGTCCTGTGCATGCTCC.” This search was conducted in the WGS database, filtered by Mycobacteriales. The results of this search revealed a match for the complete 13 repeat CRISPR locus in M. avium Chester/M. avium subsp. hominissuis str. ATCC 700898. This particular isolate, identified by ATCC, originated from a human host in 1983 (ATCC).3 This timeline corresponds to the isolation of M. avium str. 104 in 1983 from a patient in California, USA (Horan et al., 2006), so this match may be spurious. Nevertheless, no cas loci were observed in either strain, indicating that they both exhibit an orphaned CRISPR array. When performing a BLASTN search using the M. avium 104 CRISPR sequence, along with several thousand flanking bases, against the WGS database for Mycobacteriales (taxid 85007), significant hits were obtained with near-complete coverage only in M. avium subsp. hominissuis strains 101, ATCC 700898, and GM44. Other hits were found in Mycobacterium fortuitum and abscessus, but they only matched a fragment of the original query (7%−30%). In the case of M. abscessus subspecies massiliense strain 618 (contig FVWY01000006.1), a partial hit indicated the presence of a different 9-repeat orphan CRISPR locus as idenetified by CRISPRone and CRISPRCasFinder. This locus only showed partial similarity to the locus found in a few M. avium strains. Upon comparing the DR sequences and spacer sequences, there was little shared homology, suggesting that these hits are unlikely to be related.



Mycobacterium innocens MK13 loci

Two higher-confidence CRISPR loci and upstream arrays of cas-like genes were initially identified in the draft genome of M. kansasii complex member strain Mycobacterium innocens MK13 using CRISPRone. The first complex, comprising 10,974 bp of the 15,118 bp contig UPHQ01000292.1, contained seven cas-associated gene homologs in sequence, with a CRISPR locus immediately downstream containing 46 predicted spacers and 47 repeats. As a draft sequence, this was not searchable directly through CRISPRCas++'s CRISPRCasFinder, so the contig UPHQ01000292.1 was downloaded from NCBI and uploaded separately for annotation. CRISPRCasFinder predicts seven generic cas-associated genes and, alternatively, four cas Type IC–associated genes, along with the same major CRISPR locus of 46 spacers and 47 repeats, showing 0% spacer conservation and 92.61% repeat conservation (Figure 1). While functional labeling is putative without in vitro confirmation of activity, the locus will be called locus “I–C” for convenience. The second complex, making up 10,580 bp of the 37,563 bp contig UPHQ01000073.1, was reported using CRISPRone to contain seven cas-associated gene homologs in sequence, with another CRISPR locus downstream containing 15 spacers and 14 repeats. CRISPRCasFinder reports this contig contains five cas-like genes, annotates 4 as “Type I-U,” and separately annotates 1 gene immediately downstream as Type I-D. The nomenclature for Cas type I-U complexes, “type I, Unknown,” has been updated to Type I-G after initial characterization in recent years (Almendros et al., 2019). As such, this complex is likely to be called the locus or type “I-G” in the future. In type I-G systems, the cas1 gene, containing a unique fusion of Cas1 and Cas4, is a distinguishing feature (Almendros et al., 2019; Makarova et al., 2020), and this fusion was observed in this study (Figure 2). CRISPRCasFinder also reports 14 spacers and 15 repeats, with 0% spacer conservation and 93.13% repeat conservation. CRISPRCasFinder results are presented in Table 1, and CRISPROne results are presented in Table 2. Tables 3, 4 list the proteins' predicted functional roles that comprise the I-C and I-G loci, respectively.


[image: Figure 1]
FIGURE 1
 Locus organization of Mycobacterium innocens strain MK13 Cas Type I-C system and CRISPR region. The first seemingly complete complex identified in this study, the Mycobacterium kansasii complex, was identified in Mycobacterium innocens strain MK13 and includes the full expected repertoire of Cas proteins in the usual arrangement for Cas Type I-C systems. The coloring of the CRISPR region indicates direct repeat conservation, with each color representing a unique repeat. Visualization from the BV-BRC Compare Region Viewer and modified in Inkscape.
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FIGURE 2
 Locus organization of Mycobacterium innocens strain MK13 Cas Type “I-U”/I-G system and CRISPR region. A second seemingly complete CRISPR/Cas locus was identified in MK13 but of Cas Type I-G. This locus contains all expected proteins in the usual arrangement for a functional Type I-G system, including the fusion of the Cas4 domain to the N-terminal region of Cas1. The coloring of the CRISPR region indicates direct repeat conservation, with each color representing a unique repeat. Visualization from the BV-BRC Compare Region Viewer and modified in Inkscape.



TABLE 1 CRISPRCasFinder output for Mycobacterium innocens MK13 contigs UPHQ01000292.1 and UPHQ01000073.1.
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TABLE 2 CRISPROne output for Mycobacterium innocens MK13 contigs UPHQ01000292.1 and UPHQ01000073.1.
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TABLE 3 Components of Mycobacterium innocens MK13's Locus I-C Cas complex.
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TABLE 4 Components of Mycobacterium innocens MK13's Locus I-G CAS complex.
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Mycobacterium innocens MK13 CRISPR sequences for discovery

To explore whether related species have also acquired or maintained these CRISPR loci, a BLAST search of the more stringent NR database with DR sequences from M. innocens MK13 was performed but yielded no matches. A subsequent search of the WGS database filtered by organisms in the taxon Mycobacterium (tax ID: 1763) yielded some significant hits (Table 5). Before proceeding, the Mycobacterium persicum MK4 contig UPHM01000048.1 exhibited a 100% match to DR sequences. This contig was subsequently uploaded to CRISPR-Cas++ and searched using CRISPRCasFinder. The search results revealed the presence of a homologous set of cas-like genes and a CRISPR locus containing 50 spacers, which included the DR sequence identified through the initial BLAST analysis. Despite the high conservation of DR sequences between these two members of the M. kansasii complex, the spacer sequences were found to be unique for both. A BLAST search of the WGS database filtered by Mycobacterium (tax ID: 1763) with the locus I-C DR consensus yielded 22 hits. Similarly, when the same strategy was applied using the locus I-G, 24 hits (Table 5). Some hits matched multiple contigs from the same sequencing run (e.g., Table 5, M. persicum AFPC-000227 with four separate contigs). Hits for I-C were observed in M. persicum (10/15), M. innocens (4/15), and one from Mycobacterium attenuatum (1/15). Expanding the search to Actinobacteria (tax ID: 201174) only added one additional hit in Mycobacterium sp. SM1, an environmental isolate from a mud volcano in Italy (Korea Institute of Geoscience Mineral Resources, 2021). Contigs for this organism were downloaded and searched using CRISPRCasFinder, which returned the aforementioned I-G locus and an unexpected second locus on a separate contig. Other hits for I-G included M. canettii (8/20), M. riyadhense (4/20), M. innocens (4/20), Mycobacterium ostraviense (2/20), and Mycobacterium gastri (2/20). Expansion of this DR to Actinobacteria yielded no additional hits. The secondary locus identified on Mycobacterium SM1 contigs was annotated by CRISPROne and CRISPRCasFinder as a type III-A CRISPR/Cas system.


TABLE 5 BLASTN results for Mycobacterium innocens MK13 direct repeat (DR) consensus sequences from a locus on UPHQ01000292.1 (“locus I-C”) and a locus on UPHQ01000073.1 (“locus I-G”) identified by CRISPRCasFinder searched against the WGS database filtered to include species in Mycobacterium (tax ID: 1763).
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A BLASTN megablast search was conducted on M. canettii (tax ID: 78331) using the seven DR sequences from locus I–C. The search was performed with low-complexity filtering turned off. Modest-confidence hits were obtained in M. canettii strain STB-K, where multiple contigs matched for five out of the seven DR sequences. One specific contig (JAHVHL010000002.1) has four closely located matches and was subsequently analyzed using CRISPRCasFinder, along with the other two major contigs. This analysis identified a homologous I-C CRISPR/Cas region with 53 spacers. However, in this genome, a second CRISPR locus with 28 spacers was identified. The DR sequences within this locus exhibited 99.4% conservation. It is worth nothing that this second CRISPR locus was located ~240,000 bp away from the nearest predicted cas genes and was positioned directly at the end of the contig (coordinates: 970,599–972,654, contig length: 972,672). The repeat consensus was unique among those located proximal to the cas locus, and an identical match to this alternate DR sequence was found at the start of another contig in the assembly (NZ_JAHVHL010000003.1, coordinates: 27–851 bp). Searching the contigs again using the CRISPRCasFinder with the “unordered” option enabled allowed for the identification of cas gene hits that do not include a complete and ordered locus. This search revealed genes starting at position 1,023 bp, including an untyped cas2, a cas 1 gene belonging to a specific type ID, and a sequence of four genes forming a “type IU.” A literature search indicated that a resequencing study conducted by Blouin et al. in 2014 had previously identified the presence of two systems in STB-K. However, in their classification, one system was classified as Type I-C, while the other was labeled as a Type I-C variant. Moreover, it is worth noting that at the time of their publication, type I-G systems had not been characterized (Blouin et al., 2014). With evidence of various existing CRISPR/Cas systems across the genus, we expanded the search to incorporate Cas protein sequences for system discovery rather than relying on the identification of CRISPR repeats, which can be difficult to sequence and assemble and may not be identified reliably.



Mycobacterium innocens MK13 Cas sequences for discovery

Using BV-BRC's PLfams browser to search for the motif of the cas2-like gene in M. innocens MK13 and searching genus-specific families for hits in the Mycobacterium genus, two strains of reference or representative quality were found to possess loci showing structural homology to the putative MK13 CRISPR/Cas locus: these strains are M. gastri DSM 43505 and M. ostraviense FDA-ARGOS_1613. These two species have recently been reclassified as members of the M. kansasii complex of organisms (Jagielski et al., 2020). Upon conducting a search of the M. ostraviense FDA-ARGOS_1613 assembly using CRISPRCasFinder returns, we found the presence of a 127-spacer CRISPR array with 97%+ DR conservation. However, CRISPRCasFinder did not identify the adjacent conserved locus as a Cas cluster in the same manner as it did for M. kansasii MK13. In contrast, the CRISPROne tool was able to identify both the CRISPR array and the adjacent 5-gene Cas clusters.

A TBLASTN of the MK13 Type I-G Cas1 protein returned hits in two broad groups: a high similarity group (75%+ AA identity) and a partial similarity group (~26%−40% AA identity). High-similarity homologs were identified in M. kansasii complex strains gastri, ostraviense, and innocens, as well as in M. canettii and M. riyadhense. Partial similarity homologs were identified again in the aforementioned M. kansasii complex strains, a wide group of genera outside Mycobacterium (Corynebacterium, Nocardia, and Rhodococcus) and in M. tuberculosis variant tuberculosis. High-similarity homologs showed 99%+ query coverage against Type I-G Cas1, and partial similarity groups showed roughly 50%−70% query coverage. Several hits did not belong to these categories, such as 99% coverage/47%−60% identity for Mycolicibacterium hassiacum, Prescottella subtropica, Gordonia paraffinivorans, and others. Of this set, M. heckeshornense featured two sets of hits, one with 68% coverage and one with 31% coverage. In the case of M. heckeshornense strain DSM 44428, the contigs JACKTA010000047.1 and JACKTA010000078.1 were downloaded from NCBI in FASTA format. These contigs were then searched using CrisprCas++, and although contig 47 is short (4,529bp), it was predicted to contain a CRISPR locus with 36 spacers, as well as the presence of cas2 and a partial cas1 gene. Contig 78 (86,845 bp) was found to contain a predicted complex close to the end of the locus. However, this complex contains some predicted cas genes of Type I-U, according to CRISPRCasFinder. When using CRISPROne, the same system was identified for contig 47, but the complex on contig 78 was not considered credible enough to make a definite call. The second M. heckeshornense WGS dataset (strain RLE) had the same two hits, and interestingly, the two contigs bearing these hits were nearly the same lengths (85,024 and 4,395 bp, respectively). Unfortunately, SRA data for the two M. heckeshornense assemblies are publicly unavailable, and reconstruction of these possible loci is not possible now. However, the complete genome of M. heckeshornense JCM 15655 was searched next, and a locus disrupted by a transposase and with the structure of [csb1-csb2-cas3-hypothetical protein- < IS1380>-cas1-cas2] was extracted for sequence comparison. A second locus was not evident in this genome. An additional genome, M. heckeshornense JMUB5695, was also identified to contain a high-confidence Cas Type III-A locus, significantly similar to the complex inside the MTBC and some M. canettii strains (Figure 3). The same genome also contained a second locus similar to the order observed in M. heckeshornense JCM 15655, Mycobacterium marinum VIMS9, and one in M. shinjukuense JCM 14233. However, this locus includes an unannotated hypothetical protein within the same frame as the other genes that form the cas locus.
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FIGURE 3
 Comparison of the Cas Type III-A system in Mycobacterium heckeshornense strain JMUB5695 vs. MTBC members. The discovery of a Cas Type III-A system outside the M. tuberculosis complex prompted an investigation into the similarity between it and examples inside the complex. Genes with checkerboard coloring are unrelated to the complex, and genes colored solid black are transposase sequences. A comparison of Cas10 (Csm1, bright green) sequences between M. heckeshornense and the MTBC isolates above showed 72%−73% identity using Expasy's SIM tool. When comparing M. heckeshornense to the insertion element-truncated Cas10 in Mycobacterium sp. SM1, overlapping regions shared 78% identity. Finally, comparing SM1 Cas10 to MTB Cas10 yielded 70%−71%.


A search for M. hassiacum returned two hits in CRISPRCasFinder. This genome was reported to contain a CRISPR array by Singh et al. (2021), but both cas loci presented with an atypical structure of cas3-csb2-csb1-hypothetical protein-cas1-cas 2. This hypothetical protein contains no detected conserved domains and fits neatly between csb1 and cas1 in both loci. It is unclear whether this system is active, but both are included in the concatenated Cas FASTA file (Supplementary material 1). The first cas locus contains 44 CRISPR spacers downstream, and the other has a severely disrupted CRISPR locus punctuated with four repeats of IS6120 transposases between short CRISPR repeats before an intact 19-spacer array. This same atypical cas locus structure with a protein of unknown function in the operon was also found in Mycobacterium longobardus DSM 45394, with a 54-spacer CRISPR locus in place downstream, which may represent a novel cas-like gene.

Mycobacterium austroafricanum DSM 44191 presented another interesting arrangement. This genome was also reported to contain a CRISPR array (Singh et al., 2021) and appeared to have both an atypical Cas locus and a homolog in Mycobacterium sp. D3. A full repertoire of five cse was found upstream of the CRISPR array, and cas1 and cas2 were found immediately downstream of it (Figure 4).
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FIGURE 4
 Structure of the Mycobacterium austroafricanum Cas locus. Species austroafricanum presented with an arrangement of cse genes upstream of the CRISPR locus and the Cas1-Cas2 cluster downstream.


Some M. xenopi strains may have two systems, but one with a Cas1/4 fusion homolog was split across multiple contigs. The complete system (Cas Type I-E) was upstream of a reported CRISPR repeat region (Singh et al., 2021), but the putative type I-G system was not recoverable and could not be reconstructed from the available sequence.

Mycobacterium vanbaalenii strain JOB5 did not appear to have a chromosomal Cas system. However, an unusual locus was identified by both CRISPROne and CRISPRCasFinder (the latter with the search option “unordered”). This locus featured homologs of csf1, csf4, csf2, and csf3, which were found ~10 kb upstream of a small, low-evidence 3 spacer CRISPR locus. Such a finding may very well be noise, but it does share similarities with wildly divergent, plasmid-borne Type 4 Cas systems (Pinilla-Redondo et al., 2020). A TBLASTN search of the NR database for the four concatenated genes returned 95 hits, nearly all of which were on plasmids. Representative sequences were taken from a Mycobacterium fluoranthenivorans 2A plasmid (CP059893.1), Mycobacterium sp. YC-RL4 plasmid pMYC1 (CP015597.1), and the chromosomal sequence of Mycobacterium rhodesiae NBB3. Although confidence in these sequences making up a complete Type IV system was low, these systems are known to be highly divergent even within subtypes. The challenge lies in their identification caused by the lack of reliable signature genes. Therefore, these sequences are still being included in the analysis with appropriate caution. It is essential to exercise prudence when interpreting the results without in vitro confirmation of their functional implications.

Mycobacterium riyadhense MR-246 appeared both in the Locus IG Cas1 TBLASTN search as well as the search using the MK13 DR sequence, with both hits independently finding the same region in the chromosome (CAJMWP010000001.1). CRISPRCasFinder and CRISPRone independently identified a 111-spacer CRISPR array with 97% DR conservation and 0% spacer conservation, although only CRISPRone identified upstream cas genes. The subtype on this chromosome was reported as I-U (I-G), but the locus was missing a cas2 gene call. While re-running CRISPRCasFinder and enabling the “Unordered” option to allow for hits outside a longer locus, it also returned the same hits as those by CRISPROne, but it was also missing a cas2 gene call, which presumably led this software to initially discard the other five genes upstream of the CRISPR array. NCBI's ORF Finder output from the full locus (4,227,944–4,244,859, 16,916 bp) identified a 95aa open-reading frame directly downstream of cas1 and upstream of the CRISPR array, and a BLASTP search of this protein against the UniProtKB database identified 17 moderate confidence alignments (E-value range = 6−11 to 0.003) against Cas2 proteins. No other hits were reported. NCBI's Conserved Domain Database (CDD) search of query protein sequences against a database of known domains returned a hit on a Cas2 domain in this sequence (from position 5–70, E-value = 5.54−17). Given that the divergence of the cas2-like ORF in M. riyadhense led to CRISPRCasFinder missing the entire locus and CRISPROne identifying 5/6 genes plus the CRISPR array but not the cas2 homolog, the entire nucleotide sequence of the locus from ORF Finder was also used for an unfiltered BLASTN search of the nt database and a broad scan of the WGS database filtered by hits in Actinomycetota. The NR database returned a hit with 16,914 nt of coverage and only a single non-identical nucleotide from M. riyadhense strain NTM, as well as high confidence hits (E-value = 0.0) in M. ostraviense str. FDAARGOS 1613 and M. canettii strains CIPT 140070010, 140070008, and 140070017.

Mycobacterium lacus JCM 15657 presented with a striking 146-repeat CRISPR locus, and subsequent investigation showed unannotated upstream cas2 and cas1 genes, but the rest of the locus appeared unusual, with GenBank annotation noting frameshifts present. A BLASTP search of the sequence upstream of Cas1 hit numerous IS3 family transposases scattered throughout Mycobacterium lacus, kansasii, and persicum strains, as well as in other genera. It appears that this may have been a functional system broken by the insertion of this transposase in the past, and a scan of similar disruptions finds an IS3 family transposase where Cas1 and Cas2 would be found in the CRISPR/Cas locus of M. tuberculosis strain 36918. This disruption appears widespread across Beijing-like strains (as can be seen in the lineage 2 isolate in Figure 3), with a BLASTN search of the locus returning dozens of nearly identical sequences with 100% query coverage containing the disrupted region from other MTB Beijing-like isolates.

The phylogenetic tree of 42 representative mycobacterial Cas1 protein sequences yielded broad clustering along expected lines based on existing Cas classifications (e.g., Type I-C, Type I-E, etc.; Figure 5). Some disrupted or divergent putative Cas systems fell outside these clusters even when analyzed by their intact Cas1 sequences.
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FIGURE 5
 Phylogeny and organization of putative Cas systems across Mycobacteriaceae. Left: phylogenetic tree of mycobacterial Cas1. A maximum likelihood tree was generated out of 42 Cas1 protein sequences (detected either by existing annotation, CRISPROne/CRISPRCasFinder annotation, and/or NCBI Conserved Domain Search annotation). Sequences were aligned by MUSCLE, and a phylogenetic tree was generated by RAxML-NG with bootstrapping. Branches are drawn to scale, with the scale bar representing average amino acid substitutions per site. Bootstrap values are not shown but are available in Supplementary material 4. The tree is visualized and rooted at the midpoint by FigTree. Raw tree data are provided in Supplementary material 4 for transparency. Right: representative locus maps of identified Cas systems. Organization of the types of Cas complexes identified in this work. Locus maps created through the BV-BRC Compare Regions Viewer. Dashed lines from the tree indicate the genetic origin of each locus shown, and genes are labeled as described above. Complexes are grouped into their existing types when possible (e.g., Type I-G). CRISPR repeat sequences are indicated by colored rectangles, with each box indicating a spacer and repeat and differently colored boxes representing a specific CRISPR repeat sequence within the locus. In most cases, flanking genes are removed from the visualization for clarity, but transposases/integrases/insertion sequence elements are labeled and included. Both tree and locus visualizations are not exhaustive or comprehensive in coverage, and other loci and arrangements across Mycobacteria exist. Figure created in Inkscape.





Discussion

Despite longstanding knowledge that CRISPR/Cas systems are present in M. tuberculosis, a species with very limited horizontal gene transfer compared to other bacteria (Panda et al., 2018), an investigation into the prevalence of these systems across other mycobacteria has been limited. In recent years, some studies have been conducted, such as the study by Singh et al. (2021), which explored the extent of CRISPR/Cas systems outside the MTBC, but their reasonably cautious focus on completed genomes and CRISPR arrays rather than complete CRISPR/Cas gene sets limited the scope of potential discovery. Using available software such as CRISPROne and CRISPRCasFinder in combination with a more fine-toothed approach of manually investigating many draft genomes and checking for ORFs missed by annotation packages has revealed a substantial and previously unreported spread of multiple Cas types across Mycobacterium, ranging from free-living organisms to pathogens.

These in silico data show that high-confidence homologs to CRISPR/Cas systems exist outside the MTBC, but they do not prove this without functional validation. Despite CRISPROne and CrisprCas++ algorithms being designed to minimize false positives, the widespread annotation of a TatC homolog as an orphan Cas3 protein in Mycobacterium is a reminder that all output requires cautious interpretation.


The M. avium complex does not contain Cas loci

The CRISPR locus identified in M. avium strain 104 was not found in any other M. avium complex species in the NCBI NR database. As observed in large sequence polymorphisms that contain unique genetic elements not observed in other mycobacteria, such as those involved in metal acquisition and regulation in M. avium subspecies paratuberculosis (Semret et al., 2004; Bannantine et al., 2012), members of the MAC do have the potential to take up foreign genetic elements. Similarly, recent research has begun to elucidate the frequency and importance of HGT in Mycobacterium despite its limits in some species (Panda et al., 2018). Identifying a homologous sequence containing this orphan CRISPR in other closely related (or possibly identical, in the case of M. avium ATCC 700898) M. avium isolates at least minimizes the likelihood that it is a sequencing error. However, the closest match outside these immediate relatives of M. avium isolates appears to be a different orphan CRISPR in M. abscessus subspecies massiliense. Regardless, the origins of these orphan CRISPR loci remain unknown. No further evidence of any cas or cas-like genes was identified in any M. avium complex species, which appears to be devoid of these loci except for this orphaned CRISPR element in a single strain.



Other phylogenetically diverse mycobacterial taxa contain numerous diverse CRISPR/Cas systems

This study demonstrates the prevalence and diversity of CRISPR/Cas systems in the clinically important M. kansasii complex of organisms. M. innocens MK13's locus I-C showed homologs within the M. kansasii complex, with most concentrated in M. persicum, a recently characterized opportunistic pathogen in the complex originally isolated from sputum in multiple cases of human disease in Iran (Shahraki et al., 2017). Other hits were in species that are not considered pathogenic: M. innocens and M. attenuatum (Tagini et al., 2021).

In contrast to this grouping within the MKAN complex, MK13's locus I-G returned a surprising number of hits in pathogenic mycobacteria outside the complex: 8 in M. canettii, the smooth tubercule species at the edge of the M. tuberculosis complex; and 4 in M. riyadhense, a human NTM pathogen first identified in Saudi Arabia (van Ingen et al., 2009). The other hits were in M. innocens, M. gastri, M. ostraviense, and Mycobacterium sp. SM1 is largely a non-pathogenic or opportunistic pathogen organism (Tagini et al., 2019, 2021) and an environmental isolate in the case of SM1 (Awala et al., 2022). Mycobacterium innocens, it seems, possesses two potential CRISPR/Cas systems that bifurcate either within the MKAN complex or outside of it.

Existing literature can tell us much about the composition of the complexes identified in this study. Cas5 is involved in pre-crRNA processing into crRNA units (Brendel et al., 2014; Lundgren et al., 2015; Hochstrasser et al., 2016). In Cas type I systems, Cas6 typically functions with Cas5 and Cas7 in crRNA processing, but Type I-C systems are unique in that Cas6 is absent, Cas5 functions on its own, and Cas8c is a signature of these types of loci (Garside et al., 2012; Brendel et al., 2014; Lundgren et al., 2015; Hochstrasser et al., 2016), streamlining the Cascade complex and allowing full functionality with only Cas5, Cas7c, and Cas8c, all of which are intact in MK13 locus I-C. This suggests that, at a minimum, M. innocens MK13 possesses an intact ability to process pre-crRNA into its target-binding form for a Cas complex. Similarly, type I-G systems have a fusion of Cas1 and Cas4 (Shangguan et al., 2022), which is also observed in MK13's locus I-G cas1 gene, showing an N-terminal Cas4 domain and a C-terminal Cas1 domain per NCBI's CDD search. This provides a complete complex of Cas3, Cas8, Cas7, Csb2, Cas1 (with the Cas4 fusion), and Cas2.

The M. riyadhense MR-246 CRISPR/Cas locus identified by both CRISPR repeat sequence and type I-G Cas1 BLAST searches is an interesting example where the stringency of software to eliminate false positives is likely obscuring the identification of new features. The comparatively low percent identity values of this ORF (28%−49%) combined with the short sequence length of Cas2 proteins (Samai et al., 2010) likely contribute to both the relatively modest E-values and the exclusion of this divergent Cas2 protein from identification by both software tools. The nearly identical loci (one mismatch out of 16,914bp) between M. riyadhense MR-246 and M. riyadhense NTM raise questions, and BioSample records (SAMEA7003857, SAMN12495011) indicate that the samples were collected in 2016 and 2018, respectively, from human disease cases in Saudi Arabia. An additional 2,000 nt on each side of the M. riyadhense NTM locus aligned to MR-246 was extracted, and a BLAST search was run against other riyadhense isolates to assess how much variation occurs between other clinical isolates and to assess if additional CRISPR spacers had been acquired in the newer 2018 NTM isolates using CRISPROne. The same number of spacers were identified, and differing numbers were observed in other riyadhense isolates. This high similarity may indicate that M. riyadhense isolates MR-246 and NTM originated from a common point of exposure, but this is beyond the scope of this investigation. Mycobacterium riyadhense has been proposed as an intermediate between environmental and professionally pathogenic mycobacteria in the MTBC (Guan et al., 2021). It is tempting to speculate about following the Type I-G breadcrumbs down an evolutionary path from environmental organisms such as M. innocens, through riyadhense, toward the prototuberculosis-analog of canettii, and finally into M. tuberculosis, and it has been reported that the Type I-G-bearing M. canettii STB-K is one of the most distant from other canettii members (Supply et al., 2013). However, a Type I-C complex was observed in STB-K and was not discovered in the MTBC or other proposed evolutionary stepping-stone species like M. shinjukuense or M. riyadhense (Sapriel et al., 2019; Guan et al., 2021), so tracing any such path is complicated and risky.



The type III-A Cas system is not exclusive to the M. tuberculosis complex

In searching for homologs for type I-G complexes, the curious case of Mycobacterium sp. SM1 arose, which was unexpectedly found to contain a disrupted form of the Cas Type III-A system previously reported to exist exclusively in the MTBC and some isolates of M. canettii (Singh et al., 2021). An analysis of the operon arrangement suggests that SM1's locus was missing csm3 and csm2, and its csm1 gene was truncated, with the area disrupted by an IS3 family-like transposase. TBLASTN searching for this transposable element returned a long range of matches to M. lacus, M. riyadhense, and numerous M. tuberculosis complex strains. In MTB H37Rv, its homolog is annotated as a possible IS1557 transposase (mycobrowser.epfl.ch/genes/Rv1313c). Little is currently known about M. sp. SM1. However, it is annotated as having been discovered in an Italian mud volcano (Korea Institute of Geoscience Mineral Resources, 2021), and an abstract from the International Meeting of the Microbiological Society of Korea in October of 2022 by Awala et al. (2022) describes the species as an “extremely acidophilic” bacterium, growing in an optimal pH of 2–4. How this organism or its ancestors could have either received or donated this Cas system to other mycobacteria is another fascinating open question, but one beyond the scope of this study. However, in exploring the homology of this complex to other Type III-A systems in Mycobacterium, another homologous but intact Cas Type III-A locus was found in M. heckeshornense JMUB5695, with an arrangement nearly identical to that observed in the MTBC except for spacer variation in its two downstream CRISPR arrays. This organism is known to cause severe pulmonary disease in immunocompetent adults worldwide (Van Hest et al., 2004; Coitinho et al., 2016; Iitoh et al., 2020).



CRISPROne reports the homology of conserved, plasmid-borne genes in some mycobacteria and unusual type IV Cas systems

Finally, and with a word of caution, some mycobacteria may possess Type IV Cas systems. The abundance of four clustered genes highlighted by CRISPROne as potential homologs to Type IV proteins across mycobacterial plasmid sequences from many different species suggests that those mycobacterial plasmids may themselves be involved in targeting other plasmids (Pinilla-Redondo et al., 2020). However, these systems are notoriously difficult to predict, and while this merits further follow-up, it is not sufficient to assign these loci as Type IV Cas systems purely by computational analysis.




Conclusions

In summary, this study has revealed numerous mycobacterial CRISPR/Cas systems. Rather than being an oddity or an indicator of the genetic rigidity of the M. tuberculosis complex, these systems are frequent across environmental species, opportunistic pathogens, and professional pathogens. However, the absence of such systems in genetically close organisms is strange; in the M. kansasii complex, M. kansasii and M. pseudokansasii were not observed to contain cas genes, even though the former has even been reported to be a DCT recipient from both M. persicum and M. attenuatum, CRISPR/Cas bearing species within the complex (Tagini et al., 2021), or even the variation in the presence or type of systems within the same species, as was previously observed in M. canettii species but has now been expanded to across Mycobacterium. The presence or absence of one or more systems in one organism seems to have little bearing on whether all members of that species or its closest relatives will have the same loci. However, one pattern did emerge: some broad groups of mycobacteria do not appear to have CRISPR/Cas systems.

Barring an orphan CRISPR locus in M. avium 104, also called M. avium ssp. hominissuis (MAH), no evidence of any Cas proteins, other CRISPR arrays, or even variation in the MAH CRISPR locus was found across any member of the M. avium complex. Through BV-BRC, a search of 493 M. avium genomes for Cas domains returned only a single partial hit for cas2 on a 521bp contig from a study characterizing hypervariable genomic islands from German MAH strains (Sanchini et al., 2016). While it is now understood that many mycobacteria undergo horizontal gene transfer by DCT, this form of exchange remains poorly elucidated. Since systems exist sporadically within even tight phyletic groups, it may be that CRISPR/Cas systems are not ancestral to mycobacteria, at least in recent history.

Instead, horizontal gene transfer could be a primary mechanism through which CRISPR/Cas systems are acquired in mycobacteria. It is known that plasmids carry CRISPR/Cas systems (Pinilla-Redondo et al., 2022) and both the systems on plasmids and genomic systems often target mobile genetic elements such as plasmids (Pinilla-Redondo et al., 2020; Wheatley and MacLean, 2021). The rarity of mycobacterial plasmids has been noted (Gray and Derbyshire, 2018), and plasmids that do transfer between species are also compartmentalized, as reported by Ummels et al., who reported the discovery of a conjugative plasmid capable of exchange between slow-growing mycobacteria. However, this unique plasmid was unable to be transmitted to any fast-growing mycobacteria (Ummels et al., 2014). While plasmids are still believed to be important and do play key roles in mycobacteria (Dumas et al., 2016), the mechanism of DCT, where chromosomal DNA is transferred between mycobacterial cells, appears to be the predominant means of horizontal gene transfer (Gray and Derbyshire, 2018). This unusual meiotic-like means of genetic exchange, the frequency of transposable elements across mycobacteria, and a low frequency of other gene transfer mechanisms could explain the inconsistent but still widespread prevalence of various CRISPR/Cas systems across mycobacteria. Additionally, both the disruption of the Cas system in hypervirulent M. tuberculosis lineage 2 isolates and the numerous instances of mobile genetic elements having already disrupted newly discovered loci herein indicate that CRISPR/Cas systems do not appear essential to most mycobacterial lifestyles.

While their historical use in tracing the clonality and evolution of M. tuberculosis preceded even an understanding of their function, it would seem that CRISPR/Cas systems are not suited to direct evolutionary extrapolations. Instead, their presence and absence appear, like mycobacteria themselves, enigmatic, implying both a frequent flow of genetic material in and out of most mycobacteria and that the NTM pangenome may substantially expand as more isolates are sequenced. Future studies should confirm the functionality of these newly reported systems, including whether several phylogenetically diverse systems, such as hypothetical proteins, may represent novel Cas types or functions.
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CRISPR/Cas type
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‘UPHQ01000292.1 CAS (generic) 7 cas2, casd, cas3, cas3, cassc, Forward
3,713-11,095 cas7c, cas8c

‘UPHQ01000292.1 CAS Type I-C 4 casl, cas5e, cas7c, cas8¢ Forward
5,878-10,803 (overlapping)

UPHQ01000292.1 CRISPR Locus 46 spacers n/a n/a
11,226-14,630

UPHQO01000073.1 CAS Type I-U 4 cas3, csbl, csb2, csx17 Forward
15,821-22,597

‘UPHQ01000073.1 CAS Type I-D 1 casl Forward
22,601-24,241

‘UPHQ01000073.1 CRISPR Locus 14 spacers n/a n/a

24,696-25,749
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Coordinates Annotatio Functional role Association
UPHQO01000073.1 Csm3Gr7 crRNA processing (Hrle et al., 2013; Lundgren et al., 2015) Type 111, interference complex
15,169-15,681 (Cas7-like)
‘UPHQ01000073.1 Cas3 HD Helicase activity (Lundgren et al., 2015) Type I, CAS complex
16,001-18,160 Endonuclease activity (Beloglazova et al., 2011)
UPHQ01000073.1 Cas8u/Cassg® rRNA processing (Lundgren et al., 2015; Shangguan et al.,
18,160-20,256 2022) Type I, cascade complex
CAS recruitment (Shangguan et al.,, 2022) Type I, interaction between
Cascade and CAS Complexes
'UPHQ01000073.1 Cas7 crRNA processing (Shangguan et al., 2022) Type L, cascade complex
20,253-21,212
UPHQ01000073.1 Csb2gr5 crRNA processing by Cas5/Cas6 fusion activity (Shangguan Type I, cascade complex
21,215-22,597 etal., 2022)
UPHQ01000073.1 Casl Endonuclease activity (Lundgren et al., 2015) Type I, spacer acquisition
22,601-24,241 Spacer integration (Lundgren ct al,, 2015) complex
Casd nuclease activity (Almendros et al., 2019)
UPHQO01000073.1 Cas2 Structural (Lundgren et al., 2015) Type I, spacer acquisition
24,238-24,525 Spacer integration (Lundgren et al., 2015) complex

In 2019, the CAS Type I-U (for “unknown”) complex was renamed to Type I-G after it was found that Casl in this class is a fusion of Cas4 and Cas] domains, but the exact roles of proteins in
this complex remain poorly understood. The makeup of this complex classifies it as a complete member of the CAS Type I-G group, but Csm3 does not play a known role in this system, and its
presence here is atypical. CRISPRCasFinder does not predict this ORE and subsequent searches suggest this may be a false positive.





OPS/images/fmicb-14-1204838-t002.jpg
Coordinates

CRISPR/Cas type

Number of elements

Genes

UPHQ01000292.1 CAS Type I/I-C 7 cas3, cas5, cas8c, cas7b, casd,

3,656-11,095 casl, cas2

UPHQ01000292.1 CRISPR Locus 46 spacers n/a n/a
11,226-14,630

‘UPHQ01000073.1 CAS Type I/I-U 2 csm3gr7, cas3, cas8ul, cas7, Forward
15,169-24,525 csb2grs, casl, cas2

'UPHQ01000073.1 CRISPR Locus 14 spacers n/a n/a

24,696-25,749
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Coordinates Annotatio Activity Association
‘UPHQ01000292.1 Cas3 HD Helicase activity (Lundgren et al,, 2015) CAS complex

3,656-5,881 Endonuclease activity (Beloglazova et al,, 2011)

UPHQO1000292.1 Cass CrRNA processing (Brendel et al,, 2014; Lundgren et al., Cascade complex
5,878-6,516 2015; Hochstrasser et al., 2016)

UPHQ01000292.1 Cas8c <rRNA processing (Hochstrasser et al., 2016) Cascade complex
6,516-8,264 CAS recruitment (Hochstrasser et al., 2016)

‘UPHQ01000292.1 Cas7c <rRNA processing (Hochstrasser et al., 2016) Cascade complex
8,266-9,171

UPHQ01000292.1 Casd Exonuclease activity (Zhang et al, 2012) Spacer acquisition complex
9,164-9,778

UPHQ01000292.1 Casl Endonuclease activity (Lundgren et al,, 2015) Spacer acquisition complex
9,769-10,803 Spacer integration (Lundgren et al., 2015)

UPHQO01000292.1 Cas2 Structural (Lundgren et al., 2015) Spacer acquisition complex

10,805-11,095

Spacer integration (Lundgren et al., 2015)

The makeup of this complex classifies it as a complete member of the CAS Type I-C group.
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MK13 locus I-C Mycobacterium innocens MK13 (source) 100% (100%) UPHQ01000292.1
MKI13 locus I-C Mycobacterium persicum MK4 100% (100%) UPHMO01000048.1
MKI3 locus I-C Mycobacterium persicum MK42 100% (100%) UPHLO01000057.1
MKI13 locus I-C Mycobacterium persicum MK15 100% (100%) UPHK01000053.1
MKI3 locus I-C Mycobacterium innocens 49/11 100% (100%) NKRC01000001.1
MK13 locus I-C Mycobacterium persicum 12MK 100% (100%) MWQA01000001.1
MK13 locus I-C Mycobacterium persicum 7MK 100% (100%) MWKZ01000001.1
MWKZ01000001.1
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MVIF01000183.1
MVIF01000100.1
MVIF01000083.1

MK13 locus I-C Mycobacterium persicum 1010001469 100% (100%) LWCMO01000086.1
MK13 locus I-C Mycobacterium innocens 1010001493 100% (100%) LWCK01000074.1
MK13 locus I-C Mycobacterium innocens 1010001454 100% (100%) LWCHO01000340.1
MK13 locus I-C Mycobacterium persicum CSURQ1465 100% (100%) CADEAWO010000279.1
CADEAW010000263.1
CADEAW01000014:
CADEAWO01000005:
MKI13 locus I-C Mycobacterium attenuatum MK41 100% (97.30%) UPHT01000066.1
MK13 locus I-G Mycobacterium innocens MK13 (source) 100% (100%) ‘UPHQ01000073.1
MK13 locus I-G Mycobacterium ostraviense 241/15 100% (100%) NKRE01000001.1
MK13 locus I-G Mpycobacterium innocens 49/11 100% (100%) NKRC01000001.1
MK13 locus I-G Mycobacterium innocens 1010001493 100% (100%) LWCK01000025.1
MK13 locus I-G Mycobacterium ostraviense 1010001458 100% (100%) LWCI01000115.1
MK13 locus I-G Mycobacterium innocens 1010001454 100% (100%) LWCHO01000288.1
MK13 locus I-G Mycobacterium gastri DSM 43505 100% (100%) LQOX01000131.1
MK13 locus I-G Mycobacterium riyadhense MR-246 100% (100%) CAJMWP010000001.1
MKI13 locus I-G Mycobacterium riyadhense MR-244 100% (100%) CAJMWOO010000001.1
MKI13 locus I-G Mycobacterium riyadhense MR-206 100% (100%) CAJMWKO010000001.1
MKI13 locus I-G Mycobacterium riyadhense MR-1023 100% (100%) CAJMWI010000001.1
MKI13 locus I-G Mycobacterium gastri “Wayne” 100% (100%) AZYN01000299.1
100% (100%) AZYN01000281.1
100% (100%) AZYN01000120.1
MKI13 locus I-G Mycobacterium canettii STB-K 94% (97.06%) JAHVHLO010000003.1
94% (97.06%) JAHVHL010000002.1
MKI3 locus I-G Mpycobacterium canettii NLA000701671 94% (97.06%) JACTAP010000068.1
MKI13 locus I-G Mycobacterium canettii CPIT 140070013 (2013) 94% (97.06%) CAON01000366.1
MK13 locus I-G Mycobacterium canettii CPIT 140070002 949% (97.06%) CAOL01000412.1
MKI13 locus I-G Mycobacterium canettii CPIT 140070013 (2022) 94% (97.06%) CAMJXS010000071.1
MK13 locus I-G Mycobacterium canettii Percy1101 94% (97.06%) CAKKKT010000093.1
MK13 locus I-G Mycobacterium canettii Percy258 94% (97.06%) CAKKKM010000107.1
MKI13 locus I-G Mycobacterium canettii Percy525 94% (97.06%) CAKKKA010000091.1

MK13 locus I-G Myecobacterium canettii CIPT 140070002 94% (97.06%) CAJJDU010000059.1
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