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CRISPR-Cas (clustered regularly interspersed short palindromic repeats-CRISPR-associated protein) is a microbial adaptive immune system involved in defense against different types of mobile genetic elements. CRISPR-Cas systems are usually found in bacterial and archaeal chromosomes but have also been reported in bacteriophage genomes and in a few mega-plasmids. Klebsiella pneumoniae is an important member of the Enterobacteriaceae with which they share a huge pool of antibiotic resistance genes, mostly via plasmids. CRISPR-Cas systems have been identified in K. pneumoniae chromosomes, but relatively little is known of CRISPR-Cas in the plasmids resident in this species. In this study, we searched for CRISPR-Cas system in 699 complete plasmid sequences (>50-kb) and 217 complete chromosomal sequences of K. pneumoniae from GenBank and analyzed the CRISPR-Cas systems and CRISPR spacers found in plasmids and chromosomes. We found a putative CRISPR-Cas system in the 44 plasmids from Klebsiella species and GenBank search also identified the identical system in three plasmids from other Enterobacteriaceae, with CRISPR spacers targeting different plasmid and chromosome sequences. 45 of 47 plasmids with putative type IV CRISPR had IncFIB replicon and 36 of them had an additional IncHI1B replicon. All plasmids except two are very large (>200 kb) and half of them carried multiple antibiotic resistance genes including blaCTX–M, blaNDM, blaOXA. To our knowledge, this is the first report of multi drug resistance plasmids from Enterobacteriaceae with their own CRISPR-Cas system and it is possible that the plasmid type IV CRISPR may depend on the chromosomal type I-E CRISPRs for their competence. Both chromosomal and plasmid CRISPRs target a large variety of plasmids from this species, further suggesting key roles in the epidemiology of large plasmids.
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INTRODUCTION

Acquisition of genetic material including virulence, fitness and antibiotic resistance genes by horizontal gene transfer (HGT) is an essential process in bacterial adaptation to different environments (Frost et al., 2005). In addition bacteria have acquired an adaptive immune system, clustered regularly interspaced short palindromic repeats and their associated Cas proteins (CRISPR-Cas), which helps to limit the acquisition of genetic materials and defend against invasive bacteriophages and plasmids (Garneau et al., 2010; Barrangou, 2015; Samson et al., 2015).

A typical CRISPR-Cas locus is comprised of a CRISPR array, Cas genes and a leader sequence. A CRISPR array is comprised of nearly identical short (21 to 47 nucleotides) direct repeats, separated by unique DNA fragments (spacers) acquired from foreign DNA [mobile genetic elements (MGEs)]. The leader sequence is usually a (∼100–500 bp) AT rich region believed to serve as a promoter for the transcription of the CRISPR array (Marraffini, 2015). The CRISPR-Cas defense mechanism can be considered as three steps. In an initial adaptation step foreign DNA fragments (protospacers) from infecting bacteriophages and plasmids are incorporated into the CRISPR array as new spacers. These spacers provide the sequence specific memory for a targeted defense against subsequent invasions by the same bacteriophage or plasmid. The CRISPR array transcript is then processed to matured CRISPR RNAs (crRNAs). After expression of the array, mature crRNAs, aided by Cas proteins, identify specific targets and cleave the nucleic acid strands of corresponding viruses or plasmids (van der Oost et al., 2009; Garneau et al., 2010; Makarova et al., 2011b, 2015; Barrangou, 2015).

CRISPR-Cas systems show a great deal of diversity in their Cas protein composition, structure of effector proteins complex, genetic organization and localization in the genome, mechanism of adaptation, crRNA processing and interference. Based on the effector complexes CRISPR-Cas systems can be divided into two classes and six types (Class 1, including types I, III, IV and class 2, including types II, V and VI), those can be sub-divided into at least 34 sub-types (Makarova et al., 2011b, 2015, 2018; Koonin et al., 2017; Hille et al., 2018), Class 1 CRISPR-Cas system provides interference by using multi-Cas effector protein complex whereas Class 2 uses single effector protein for interference (Hille et al., 2018). Generally there are signature genes for each type of CRISPR-Cas system and those include cas3 for type I, cas9 for type II, cas10 for type III, csf1 (large subunit, cas8-like) for type IV, cas12 for type V, and cas13 for type VI (Makarova et al., 2018). Types I and II CRISPR-Cas systems provide immunity against DNA (Brouns et al., 2008; Gasiunas et al., 2012) whereas type III systems may target DNA or RNA (Tamulaitis et al., 2014). Types I–III are well-studied and are generally found in chromosomes of bacteria and archaea, whereas types IV, V, and VI are three putative new types. Type IV systems are usually localized on plasmids or other MGEs and lack apparent adaptation modules (cas1 and cas2) and type V was identified in archaeal chromosome only (Makarova et al., 2011a, 2015). Type VI is another new type identified recently carrying HEPN-domain containing effector protein Cas13, which, unlike, other class II effector cleaves single stranded RNA (ssRNA) (Hille et al., 2018). HEPN RNase is a toxin domain of bacterial toxin-antitoxin module and suggests that type VI includes dedicated RNA-targeting CRISPR-Cas system (Makarova et al., 2011b, 2018; Koonin et al., 2017).

The classification, functions and mechanism of actions of all CRISPR-Cas systems are well-characterized except type IV. A recent study demonstrated that the function of type IV system in the maturation of crRNAs and in the subsequent formation of a Cascade-like crRNA-guided effector complex (Ozcan et al., 2019). Type IV system can be classified as two sub-types, type IV-A and IV-B, based on the presence of DinG family helicase and type IV specific effector protein Csf5. Type IV-A encodes a DinG helicase (Csf4) and an effector protein Csf5 and whereas type IV-B lacks these proteins (Makarova et al., 2015, 2018; Koonin et al., 2017; Hille et al., 2018; Pinilla-Redondo et al., 2019) and usually, the type IV-A system carries CRISPR-array.

Klebsiella pneumoniae, a member of the bacterial family Enterobacteriaceae, is a common opportunistic hospital associated pathogen, accounting for about one third of total Gram-negative infections (Navon-Venezia et al., 2017). It causes a variety of infections including urinary tract infections, pneumonia, cystitis, wound infections, and life-threatening sepsis (Podschun and Ullmann, 1998). Occurrence of transmissible antibiotic resistance in this organism is a major problem worldwide. K. pneumoniae have a huge pool of antibiotic resistance genes that they share among other Enterobacteriaceae, mostly via self-transferrable plasmids (Navon-Venezia et al., 2017). Almost all modern antibiotic resistance (to carbapenems, cephalosporins, aminoglycosides, now even colistin) in these organisms is encoded on large (40–200 kb) low-copy (1–6 per cell) conjugative plasmids (Carattoli, 2009; Navon-Venezia et al., 2017). Plasmid-borne antibiotic resistance is acquired very quickly and, once acquired, could become fixed in the bacterial accessory genome by ‘addiction systems’ that poison cells from which the antibiotic resistance plasmid is lost (Hayes, 2003).

Several studies have identified CRISPR-Cas systems in K. pneumoniae chromosomes as I-E and I-E∗ types (Ostria-Hernandez et al., 2015; Shen et al., 2017; Li et al., 2018) but little is known about CRISPR-Cas systems of plasmids in K. pneumoniae and other Enterobacteriaceae (Enas Newire et al., 2019). CRISPR-Cas systems are associated with relative antibiotic susceptibility in Streptococcus pyogenes and E. coli and the chromosomal CRISPR-Cas system is known to interfere with acquisition of antibiotic-resistant plasmids in E. coli (Zheng et al., 2014; Aydin et al., 2017). In this study, we examined 699 complete plasmid sequences from K. pneumoniae and 217 K. pneumoniae chromosomal sequences from the GenBank for the presence of CRISPR-Cas system and further analyzed the identified CRISPR-Cas systems and their spacers.



MATERIALS AND METHODS


Extraction of Complete Nucleotide Sequence of Plasmids and Chromosomes for K. pneumoniae From the GenBank

Klebsiella pneumoniae chromosome and plasmid sequences available in the GenBank database1 were downloaded and subjected to CRISPR analysis. For complete K. pneumoniae chromosomal sequences, after opening the database link, we selected “genome assembly and annotation report” and chose complete sequences and then extracted all the complete nucleotide sequences individually and saved as FASTA format sequence file. For complete plasmid sequences, in the same link we selected “plasmid annotation report” and downloaded plasmid sequences > 50 kb and saved as separate FASTA files for individual plasmid sequences.



Identification and Characterization of CRISPR-Cas in Plasmid and Chromosomal Sequences

CRISPR was identified with CRISPRFinder2 (Grissa et al., 2007) software. This algorithm locates direct repeat sequences of 23–55 bp separated by variable sequences of a size no greater than 2.5 times or no less than 0.6 times the length of the repeated sequences (25–60 bp). When the algorithm detects at least three repeating regions that are exactly the same (in sequence and size), which are separated by variable sequences, it is considered a “confirmed CRISPR.” If the algorithm locates two repeats separated by a variable sequence, it establishes the status of a “questionable CRISPR.” For the present study we only considered those indicated by the program as “confirmed CRISPRs.” In addition, with this platform, we searched for cas genes in regions adjacent to CRISPR sequences. Fasta formatted complete nucleotide sequence of each individual plasmid or chromosome was uploaded in the CRISPRFinder and run the program by using a default setting parameters and outcomes provided the possible CRISPR-array (CRISPR repeats and spacers). Spacers sequences were collected from CRISPRFinder outputs and saved to use for further analysis. The CRISPR region identified by CRISPRFinder was then detected on the plasmid or chromosomal sequences and nearly 10 kb upstream and downstream regions were analyzed for putative cas genes. The CRISPR-array neighboring genes and their respective protein sequences were analyzed by BLASTn and BLASTp searches for the GenBank identity. For nucleotide sequence analysis, megablast was performed by using following parameters: (i) expectation threshold (e-values) less than or equal to 0.01 and a score greater than 40, (ii) maximum target sequence was set at 1000, (iii) automatically adjusted parameters for short input sequences, (iv) different match/mismatch scores were selected to identify highly conserved to low conserved sequences. BLASTp for protein sequences were performed against non-redundant protein sequence database and against reference proteins sequence database with expectation values (e-value) less than or equal to 0.01 were considered significant as well as a coverage percentage of more than or equal to 80%. The identified CRISPR-array and cas genes were further verified by using CRISPRone software3 (Zhang and Ye, 2017). The individual fasta formatted nucleotide sequence of plasmid and chromosome was run through CRISPRone software by using default settings.



Search for Similar CRISPR-Cas System in GenBank Data

The cas genes identified in the putative type IV CRISPR-Cas systems in the plasmids of K. pneumoniae were used to fish similar type of CRISPR-Cas system in the GenBank data. Both the cas genes nucleotide sequences and amino acid sequences were used separately for BLASTn and BLASTp search in the GenBank data with the parameters mentioned earlier. The additional plasmid sequences identified with identical cas genes or Cas proteins were downloaded and analyzed for CRISPR-array and cas genes orientation by CRISPRFinder and CRISPRone software.



Analysis of CRISPR Spacers and Identification of Spacers Protospacers Match

Spacers from respected plasmid CRISPR-Cas system were extracted from CRISPRFinder outputs and made a fasta formatted sequence file for all spacer pool by BioEdit software4. Each of the spacers sequence, their reverse complement sequence and both 3′ and 5′ truncated version were then searched against the spacer pool and identified all the unique spacers found in the plasmid CRISPRs and then plotted their distribution. Each of the unique spacer was then analyzed for their identity (match with protospacers) to GenBank sequences by nucleotide blast search (BLASTn) with parameters described earlier.



Identification of Chromosomal CRISPR Type

Two different types of cas1 and cas3 alleles were found in K. pneumoniae genomes and CRISPR-Cas systems were further divided into types I-E or I-E∗ (Li et al., 2018) on the basis of the cas1 and cas3 alleles and their localization in the chromosome.



Plasmid Characterization

The presence of antibiotic resistance genes in sequenced plasmids were identified by ResFinder 3.25 and plasmid replicon types by PlasmidFinder 2.16 (Carattoli et al., 2014).



RESULTS


CRISPR-Cas System in K. pneumoniae Plasmids

A total of 699 complete plasmid sequences of > 50-kb in size found in K. pneumoniae were extracted from the GenBank database. CRISPR-arrays were identified in 5% (37 of 699; Table 1 and Supplementary Table S1) of the plasmids. The identified CRIPSR-arrays had direct repeats of 23–30 bp separated by a variable number (0–22) of spacer sequences of 25–57 bp and most of them are 30–33 bp long (Supplementary Table S2). Immediately upstream of the CRISPR-array an ∼130 bp conserved AT rich region was present, which may act as a leader sequence of this CRISPR. We also identified csf2, csf3, DinG helicase (csf4), cas6 (csf5), csx3, and cas10 homologs upstream and a reverse transcriptase (RTase) or maturase gene downstream of the CRISPR-array (Figure 1). Two genes of unknown function were also present in the Cas genes locus, but we could not identify the adaptation genes cas1 or cas2, or evident homologs, in these plasmids. The structure of the CRISPR-Cas array and organization of cas genes identified here is very close to that of the type IV CRISPR-Cas system previously identified in the mega-plasmid of Aromatoleum aromaticum EbN1, an aromatic-degrading betaproteobacteria found in freshwater and soil habitats (Ozcan et al., 2019), even though a large subunit (Csf1) that acts as the signature protein for this type (Makarova et al., 2015) is absent from the system identified here. The Cas genes and their orientations in identified CRISPR-Cas systems are very similar among the plasmids except for the presence of Insertion Sequences (ISs) insertion events in some. ISs were also identified between the CRISPR-array and RTase gene in a few plasmids.


TABLE 1. Characteristics of CRISPR-Cas positive plasmids.
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FIGURE 1. Schematic representation of type IV-like CRISPR-Cas system in plasmids found in Enterobacteriaceae. Putative genes are identified. CRISPR associated genes (Cas) are shown in red, DinG helicase in blue, unknown/hypothetical genes in yellow. Black rectangle indicates a putative leader sequence; blue diamonds are for CRISPR-repeats and colored rectangles are for acquired spacers, together consisted CRISPR-array.




CRISPR-Cas System in Other Enterobacteriaceae Plasmids

A BLAST search identified identical CRISPR-Cas systems in 10 other plasmids in GenBank, in addition to the 37 plasmids identified in K. pneumoniae (Table 1). Five of these 10 plasmids were from K. pneumoniae and 1 each from E. coli, K. oxytoca, Pluralibacter gergoviae, K. variicola, and Raoultella ornithinolytica. One of the plasmids from K. pneumoniae has a cas locus without any CRISPR-array identified. No match was found in chromosomal sequences on GenBank.



Characterization of CRISPR-Positive Plasmids

A total of 47 type IV CRISPR-positive plasmids were analyzed. All but two are very large (>200 kb) and the largest is 430 kb (Table 1). Almost all had an IncFIB replicon identified by PlasmidFinder except for two in which no replicon match was identified. Most plasmids (36/47) also have an IncHI1B replicon (Table 1). Interestingly, although most of the plasmids (44/47) were found in Klebsiella species, only one plasmid has the characteristic Klebsiella type IncFIBK replicon (Garcia-Fernandez et al., 2012). The %GC content of almost all CRISPR-negative plasmids is > 50% and lower (∼44–46%) in CRISPR-positive plasmids (Supplementary Table S1). The only CRISPR-positive plasmid with an IncFIBK replicon had a GC content of ∼52%, similar to other CRISPR-negative plasmids of K. pneumoniae.

ResFinder identified multiple antibiotic resistance genes including blaCTX–M, blaNDM, blaOXA, armA and qnr genes, associated with resistance to β-lactam, carbapenem, aminoglycoside and quinolone antibiotics, in almost half the plasmids (24/47; Table 1).



Analysis of Spacers From Plasmid CRISPRs

A total of 623 spacers from 46 CRISPR-positive plasmids were analyzed by BLASTn search, identifying 67 unique spacer sequences that made up the total pool of 623, including some repetition or reversed orientation of the same sequence, along with loss or gain of a few nucleotides (Figure 2 and Supplementary Table S2). Spacer numbers varies without any relationship with plasmid size or the presence or absence of antibiotic resistance genes (Table 1). Five unique spacers (SP11, 36, 43, 55, 57) were found specific for plasmid sequences other than the match with CRISPR-array region and one of them (SP11) appears to match with the traL gene of 457 different CRISPR-negative plasmid sequences and another one (SP43) hits the traN gene of 260 different CRISPR-negative plasmid sequences in GenBank, mostly (>98%) from K. pneumoniae (Table 2 and Supplementary Table S2). Both spacers are found in the CRISPR-array of 17 of the 46 CRISPR-positive plasmids we examined (Table 2). Spacers SP36, SP55, and SP57 have identity with plasmid transposases, transcriptional regulator and traH gene, respectively. Genes, traL, traN, and traH play an important role in plasmid transfer and are highly conserved among plasmids. Five unique spacers (SP8, 20, 42, 62, 63) were also found to match K. pneumoniae chromosomes but not those of their current host bacteria (Table 2 and Supplementary Table S2). Two of them occurred in 17 of the 46 plasmids, targeting DUF1367 family protein and hypothetical protein genes for 111 and 139 K. pneumoniae chromosomes, respectively. Another spacer, that occurred in one plasmid only, appears to recognize a hypothetical protein gene from 3 of the K. pneumoniae chromosomes (Table 2). Many spacers (18/67) did not have any match in GenBank (Supplementary Table S2).


[image: image]

FIGURE 2. A spacer map for the distribution of spacers in plasmid CRISPRs. Spacers are represented in box without repeats. Identical spacers are represented by same number and color or pattern. Spacers found in reverse orientation in the plasmid CRISPR are shown by reverse arrow at the bottom of the spacer. Exactly same spacers and their orientation are shared by a number of plasmids and are mentioned below in the brackets, and spacers from one of them were represented in the figure. Those plasmids are (∗CP030878.1, CP020068.1, CP0016921.1, CP028929.1, CP024507.1, CP020854.1), (∗∗CP018708.1, CP018702.1, CP018696.1, CP018720.1), (∗∗∗CP018687.1, CP018714.1, CP017986.1), (#CP022612.1, CP012754.1, CP006799.1), (##MG845201.1, MG845200.1) and (###CP030858.1, CP008933.1) and marked with asterisk or hashtag were the representative from each group showed in the figure. The unique spacer sequences and their match with protospacers will be found in Supplementary Table S2.



TABLE 2. Spacers from plasmid mediated CRISPR specific to plasmids and K. pneumoniae chromosomes.

[image: Table 2]


Analysis of CRISPR-Cas System in K. pneumoniae Chromosomes

A total of 217 K. pneumoniae complete chromosomal sequences were extracted from GenBank (June 2019) and we identified that 81 of these (37%) carried CRISPR-Cas system on the chromosome. Of these 81, 45 were I-E and 36 were I-E∗ type (Supplementary Table S3), consistent with previous reports (Ostria-Hernandez et al., 2015; Shen et al., 2017; Li et al., 2018).



Relationship Between the Presence of Chromosomal CRISPR and Plasmid in K. pneumoniae Bacteria

We also gathered information about the presence of plasmids in those 217 K. pneumoniae isolates from GenBank. Most bacteria (185 of 217, 85%) carried plasmids, from 1 to 10 in number (Figure 3A and Supplementary Table S3) and 37% of these 217 had the putative CRISPR-Cas system. We found that the occurrence of chromosomal CRISPR is more in plasmid-free than plasmid-carrying strains (43 vs. 35%) (Figure 3B), a relationship that has been noted before (Li et al., 2018). We found that bacteria with chromosomal type I-E CRISPR had more plasmids (from 1 to 7 in number, most with 4–5 plasmids) whereas bacteria with chromosomal type I-E∗ CRISPR had less plasmids (from 0 to 4 in number, mostly only 1 or 2 plasmids or none) (Supplementary Table S3).
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FIGURE 3. Distribution of chromosomal CRISPR-Cas system and plasmids in K. pneumoniae strains (A). Distribution of CRISPR-Cas in plasmid-positive and -negative strains (B).




Analysis of Spacers From K. pneumoniae Chromosomal CRISPRs

A total of 2,464 spacers were extracted from chromosomal CRISPR-positive strains. A BLASTn search with these spacers matched K. pneumoniae chromosomal sequences as well as different mobile elements including bacteriophages and plasmids. We identified 18 unique spacers matched sequences on plasmids (Table 3). Interestingly, 5 of these 18 spacers were from plasmid conjugative transfer region genes (traH, traG, traT, traN, traF) in several hundred different plasmid sequences in GenBank. Spacers matching traH and traG gene sequences from 413 and 401 different plasmids respectively were identified. One spacer matched the plasmid segregation gene parM, one matched the ubiquitous toxin antitoxin system gene hok-sok (Table 3), one matched the SAM-methyl transferase gene and another matched DNA sequence in a hypothetical gene located immediate upstream of SAM-methyltransferase on the plasmid. Three spacers matched different regions in the DUF3560 domain-containing protein gene, which was found in turn on ∼1,000 plasmids in GenBank. One spacer matched ydeA, two matched a hypothetical protein and other three in intergenic regions of plasmid sequences; one spacer matched an intergenic region with identity to 524 different plasmids (Table 3) which, in a few cases, was present in multiple times in a single plasmid sequence.


TABLE 3. Plasmid specific spacers in K. pneumoniae chromosomal CRISPR.
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DISCUSSION

In this study we have identified a putative type IV CRISPR-Cas system in the plasmids of K. pneumoniae. To our knowledge, this is the first comprehensive report of type IV CRISPR-Cas system in plasmids of K. pneumoniae, specifically in antibiotic resistance plasmids.

Type IV CRISPR-Cas was previously identified in a mega-plasmid of Aromatoleum aromaticum species, an aromatic-degrading β-proteobacteria found in freshwater and soils. The CRISPR-positive plasmids we describe are also very large (200–430 kb; Table 1). Like the previously reported type IV CRISPR-Cas system (Makarova et al., 2015; Enas Newire et al., 2019; Pinilla-Redondo et al., 2019) homologs of cas region genes csf2, csf3, DinG helicase (csf4), cas6 (csf5) were present, the organization of the cas genes was very similar and the adaptation genes cas1 and cas3 were absent, all typical of the previously reported type IV CRISPR-Cas. The large subunit csf1 gene thought to be the signature gene for type IV system was absent in the CRISPR-Cas system reported here, but two additional cas genes (csx3 and cas10 homologs) and two genes of unknown functions were identified in the cas gene locus, any of which may compensate for the absent csf1. The Cas1 protein of type IV CRISPR-Cas is a Zn-finger containing protein with a weak similarity to Zn-finger sequences of Cas10 and it has been suggested that Csf1 could be a highly divergent, inactivated and N-terminally truncated Cas10-like polymerase derivative (Makarova et al., 2011a). The presence of DinG helicase (csf4), only previously reported in type IV-A CRISPR-Cas (Koonin et al., 2017; Makarova et al., 2018; Pinilla-Redondo et al., 2019), further supports the designation of these plasmid systems as type IV-A CRISPR-Cas.

A preliminary study identified putative type IV CRISPR-Cas system in the IncH1B/IncFIB plasmids of Enterobacteriaceae (Enas Newire et al., 2019). In the present study most (45 of 47) of these very large CRISPR-carrying plasmids had an IncFIB replicon identified and most had an additional IncHI1B replicon. We identified only one of the IncF replicons that are thought to be typical (i.e., IncFIBK) of K. pneumoniae (Garcia-Fernandez et al., 2012; Villa and Carattoli, 2020). This suggests that CRISPR-positive plasmids might have originated from some other species in Enterobacteriaceae and transferred into K. pneumoniae. Analysis of %GC content shows that almost all CRISPR-positive plasmids have lower %GC (44–46%) than CRISPR-negative plasmids (∼50% or greater); we identified only one IncFIBk plasmid with CRISPR (pKPM501) and this had a ‘normal’ %GC of > 51%.

Plasmids have their own genetic modules that they can utilize to exist stably in certain bacterial host by competing with other plasmids. Plasmid incompatibility is one of the such mechanism by which two plasmids with similar or related replication genes cannot co-exist in the same cell. By interfering with host replication system only one plasmid of similar type can be efficiently replicate and segregate to daughter cell and others lost form the system (Novick, 1987; Austin and Nordstrom, 1990). Acquiring antibiotic resistance genes also give plasmids the advantage to maintain over sensitive plasmids at antibiotic selection pressure (Carattoli, 2013). Plasmid mediated toxin-antitoxin (TA) module also provide another alternative to displace incompatible plasmid by toxin mediated killing of plasmid free cells (Hayes, 2003; Yamaguchi et al., 2011). For example, if a cell carries two incompatible plasmids and one plasmid encodes a TA system, then after segregation of these incompatible plasmids, only plasmid carrying TA system will be maintained into daughter cells and cells carrying the other plasmid are eliminated from the population. Similar to those systems, it was suggested that plasmid mediated type IV CRISPR-Cas system may involve in the competition between plasmids by acquiring spacers specifically targeting different plasmids (Pinilla-Redondo et al., 2019). Chromosomal CRISPR are known to acquire spacers against different MGEs (Samson et al., 2015) and many plasmid-borne CRISPR spacers we found were also directed against other plasmids, including three unique spacers targeting 100% identical sequences (the common and highly conserved traN, traH, and traL of conjugative plasmids) in more than 700 other plasmids in GenBank. Large potentially expensive plasmids such as these CRISPR-positive plasmids may need this competitive edge and may reduce the overall plasmid burden in their host bacteria. Plasmid CRISPR spacers targeting heterologous K. pneumoniae chromosomes may also have a role in determining the epidemiology of plasmids in this species.

Acquisition of a new plasmid produces burden to the host by reducing growth rate and lessened competitiveness of plasmid-bearing hosts under conditions that do not select for plasmid genes (San Millan and MacLean, 2017). Although this fitness-cost can be mitigated over time through compensatory evolutions, however, the initial cost associated with plasmid carriage is one of the main barrier in the acquisition, maintenance and transfer of new plasmids (San Millan and MacLean, 2017; Dionisio et al., 2019). Multiple plasmids impose more fitness-cost related to single plasmid. Acquisition of plasmid mediated CRISPR spacers targeting other plasmids and host chromosome may provide advantage in the formation of plasmid co-integrate with other plasmids or integrated into the host chromosome by homologous recombination that might facilitate the stability and compatibility of the plasmids. CRISPR-Cas defense system not only identified in plasmids but also distributed in other MGEs including bacteriophages, T7-transposable elements and integrative conjugative elements (ICEs) (Faure et al., 2019; Koonin et al., 2019). The recruitment of CRISPR-Cas defense system by different MGEs may contribute to the evolution of both MGEs and defense systems.

Several previous studies identified and analyzed chromosomal CRISPR-Cas systems in K. pneumoniae by analyzing 52 (Ostria-Hernandez et al., 2015), 68 (Shen et al., 2017) and 97 (Li et al., 2018) complete and draft genome sequences. Here, we analyzed 217 complete K. pneumoniae chromosomes available in GenBank for the distribution of CRISPR-Cas systems, their types, acquired spacers and relationship between presence and absence of CRISPR and plasmids. Consistent with previous studies, we found type I-E and type I-E∗ CRISPRs distributed in K. pneumoniae chromosomes. We found that chromosomal CRISPR-negative strains had more plasmids (Figure 3 and Supplementary Table S3) and that K. pneumoniae with type I-E∗ chromosomal CRISPR appeared to have less plasmids than those with type I-E.

Spacer sequences from chromosomal CRISPR matched different MGEs including plasmids. A total of 18 unique spacers were acquired from plasmids and many from conjugative transfer region genes, plasmid partition (parM) and stability genes (hok-sok). Acquired plasmid-specific spacers in K. pneumoniae chromosomal CRISPR may provide immunity against plasmids and, it has been suggested, promote or select for mobilization of important plasmid-borne antibiotic resistance genes such as blaCTX–M and blaKPC onto the chromosome (Huang et al., 2017). Similar phenomena have been directly observed for Streptococcus thermophilus CRISPR-Cas systems (Garneau et al., 2010).

Type IV CRISPR-Cas systems on plasmids lack genes for target cleavage enzymes (cas3 or cas10) (Makarova et al., 2015) but we have identified a putative cas10-like gene in these plasmid CRISPR-Cas system in Enterobacteriaceae. They also lack key adaptation modules (cas1 and cas2) but RNA processing and effector complex formation has been experimentally demonstrated for these systems in Aromatoleum aromaticum, in which a chromosomal type I-C CRISPR is also present (Ozcan et al., 2019). Importantly, we also noted that type IV CRISPR-Cas system-positive plasmids were found only in bacteria with chromosomal type I-E or I-E∗ CRISPR-Cas, suggesting cross-talk between plasmid and chromosomal CRISPR which may compensate for the lack of adaptation and target cleavage functions encoded from plasmid mediated CRISPR.

Chromosomal CRISPR-Cas systems clearly protect some bacteria from horizontally acquired mobile elements (Palmer and Gilmore, 2010; Price et al., 2016). Multi-drug resistant Enterococcus lacking CRISPR-Cas (Palmer and Gilmore, 2010) more readily acquire new genes and adapt to new antibiotics (Price et al., 2016). Vibrio cholerae that acquired phage-inducible chromosomal islands (PICI) as a defense against bacteriophages (Novick et al., 2010; Seed, 2015) now must contend with bacteriophages that have acquired CRISPR-Cas with spacers directed against chromosomal PICI to inactivate that very defense system (Naser et al., 2017). We describe here a novel type IV CRISPR-Cas that is evidently circulating in Enterobacteriaceae plasmids, predominantly within K. pneumoniae, and appears to have a complementary relationship with chromosomal Type I-E/I-E∗ CRISPRs. Plasmid CRISPR-Cas directed against other plasmids (and some K. pneumoniae chromosomes) provide another level of incompatibility in plasmid communities. Both plasmid and chromosomal CRISPR-Cas are evidently important determinants of the epidemiology of large antibiotic resistance plasmids in K. pneumoniae.
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FOOTNOTES
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https://www.ncbi.nlm.nih.gov/genome/?term=Klebsiella+pneumoniae

2
https://crispr.i2bc.paris-saclay.fr/Server/

3
http://omics.informatics.indiana.edu/CRISPRone/

4
https://bioedit.software.informer.com/7.2/

5
https://cge.cbs.dtu.dk/services/ResFinder/

6
https://cge.cbs.dtu.dk/services/PlasmidFinder/
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