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Acinetobacter baumannii is a Gram-negative nosocomial pathogen that has become a serious healthcare concern within a span of two decades due to its ability to rapidly acquire resistance to all classes of antimicrobial compounds. One of the key features of the A. baumannii genome is an open pan genome with a plethora of plasmids, transposons, integrons, and genomic islands, all of which play important roles in the evolution and success of this clinical pathogen, particularly in the acquisition of multidrug resistance determinants. An interesting genetic feature seen in majority of A. baumannii genomes analyzed is the presence of small plasmids that usually ranged from 2 to 10 kb in size, some of which harbor antibiotic resistance genes and homologs of plasmid mobilization genes. These plasmids are often overlooked when compared to their larger, conjugative counterparts that harbor multiple antibiotic resistance genes and transposable elements. In this mini-review, we will examine our current knowledge of these small A. baumannii plasmids and look into their genetic diversity and phylogenetic relationships. Some of these plasmids, such as the Rep-3 superfamily group and the pRAY-type, which has no recognizable replicase genes, are quite widespread among diverse A. baumannii clinical isolates worldwide, hinting at their usefulness to the lifestyle of this pathogen. Other small plasmids especially those from the Rep-1 superfamily are truly enigmatic, encoding only hypothetical proteins of unknown function, leading to the question of whether these small plasmids are “good” or “bad” to their host A. baumannii.
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INTRODUCTION

Acinetobacter baumannii is a Gram-negative nosocomial pathogen that has become a serious healthcare concern especially in the last two decades due to its rapid ability to acquire antimicrobial resistance leading to the development of pandrug resistant (PDR) isolates that are resistant to all classes of antimicrobial compounds (Magiorakos et al., 2012; Göttig et al., 2014; Lean et al., 2014). Advances in genome sequencing and their increasing affordability have led to the availability of a plethora of A. baumannii genomes in the public databases (Peleg et al., 2012; Liu et al., 2013; Lean et al., 2015, 2016; Wallace et al., 2016). One of the key features of the A. baumannii genome is an open pan genome with a wide variety of mobile genetic elements, particularly integrons and transposons in genomic islands, some of which are known as resistance islands due to the presence of multiple antibiotic resistance genes (Fournier et al., 2006; Bonnin et al., 2012; Ramírez et al., 2013). Resistance genes are also plasmid-borne and in A. baumannii, plasmids range from as small as 2 kb to more than 100 kb in size (Gallagher et al., 2015; Hamidian et al., 2016a,b). The large plasmids of A. baumannii are often the focus of analyses due mainly to the presence of multiple antibiotic resistance genes and the self-transmissible nature of these plasmids (Hamidian et al., 2014a,b, 2016a; Hamidian and Hall, 2014) although small plasmids have been highlighted especially those that harbor antibiotic resistance genes (D’Andrea et al., 2009; Merino et al., 2010; Grosso et al., 2012; Hamidian et al., 2012, 2016b). Despite the importance of plasmids in the potential transmission of resistance and virulence genes in A. baumannii, there has been surprisingly very little experimental work done on the basic biology of these plasmids. We know next-to-nothing with regards to the basic replicons of these plasmids, their replication mechanisms and transmissibility. The rapidly increasing volume of Acinetobacter plasmid sequences in the databases from numerous whole genome sequencing projects has led to often conflicting and chaotic annotations, complicating their in silico analyses, a fact that was recently highlighted for all plasmid sequences in an excellent review paper by Thomas et al. (2017). So far, A. baumannii plasmids have been classified according to their replicase (Rep) proteins with Bertini et al. (2010) showing that there are 19 homology groups (GR1–GR19) and developing a plasmid-based replicon typing scheme based on their rep genes. In this mini-review, we shall examine our current knowledge of the small plasmids of A. baumannii (for this purpose, we shall define “small” as any plasmid that is around 10 kb and less) and present their genetic diversity and phylogenetic relationships. We will also discuss the importance of these small plasmids to their host A. baumannii.

THE REP-3 SUPERFAMILY PLASMIDS

Majority of plasmids from A. baumannii encode replicase proteins belonging to the Rep-3 superfamily (identified by the pfam0151 conserved domain) with the larger plasmids usually harboring more than one replicon type (Bertini et al., 2010). In most of the Rep-3 superfamily replicons, the rep gene, which is usually annotated as repB, is preceded by three to six direct repeats (19–22 nucleotides in length and mainly located between 10 and 200 bp upstream of the repB start codon; majority are four direct repeats) that could be considered as the iterons for the RepB basic replicon (please see Supplementary Table S1 and Data Sheet 1 for further details). In enterobacterial plasmids, these iterons serve as the origin of replication whereby the replication initiation protein binds and interacts with other host proteins (such as DnaA and the DnaBC helicase complex) required for replication initiation (Bertini et al., 2010; Konieczny et al., 2014). To the best of our knowledge, there has only been one experimental demonstration of the functionality of the Acinetobacter basic replicon. Dorsey et al. (2006) showed that the minimal replicon for the 9,540-bp plasmid pMAC from A. baumannii 19,606 was the repB gene [denoted as open reading frame-1 (ORF1)] and the four direct repeats that preceded the gene in experiments using the Escherichia coli cloning vector pCR-Blunt II-TOPO and Acinetobacter calcoaceticus BD413 as host.

Phylogenetic analysis using the RepB protein sequences of 50 of these Rep-3 superfamily plasmids (Figure 1) was largely in agreement with the plasmid homology groups proposed by Bertini et al. (2010). However, we are of the opinion that pABVA01 which was categorized under the GR2 group by Bertini et al. (2010) warrants a separate grouping along with similar plasmids such as pMMCU3 and pAbATCC329, which we designate GR20, as the phylogenetic tree clearly showed that this group of plasmids belonged to a separate clade (Figure 1).
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FIGURE 1. Phylogenetic tree of the small Acinetobacter plasmids of the Rep-3 superfamily based on the RepB replicase protein sequences as analyzed and drawn using MEGA7 (Kumar et al., 2016). Alignment of the RepB protein sequences was carried out using MUSCLE (Edgar, 2004) and the evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with the sum of branch length = 3.32974406 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. (The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per site. The analysis involved 50 RepB amino acid sequences with the GenBank accession numbers of the plasmids as listed in Supplementary Table S1. Each clade of the tree corresponded with the plasmid homology grouping (GR classification) as proposed by Bertini et al. (2010) and indicated by different colored boxes. Plasmid names marked with an asterisk (∗) indicate partial plasmid sequences that covered only the oriV–repB sequences and were included in the analysis to validate the plasmid groupings as they were used by Bertini et al. (2010) in their classification scheme.)



Interestingly, in a majority of these small A. baumannii plasmids that belonged to the Rep-3 superfamily, the reading frame immediately downstream of the repB gene is highly conserved and is usually annotated as “repA” (Supplementary Figure S1). We could not find any homology to known replicase proteins for the translated “repA” gene and we are uncertain as to why this reading frame was designated repA in the absence of homology and/or experimental evidence. The translated protein contains a DNA-binding helix-turn-helix motif at its N-terminus and is usually annotated as a “conserved hypothetical protein” or a “DNA-binding protein” in the various database entries. The pMAC plasmid harbors this gene, which was designated ORF2, and which was shown by RT-PCR to be actively transcribed (Dorsey et al., 2006). Although for the pMAC plasmid, ORF2 was shown not to be part of the minimal replicon (Dorsey et al., 2006), its conservation in a vast majority of the small Rep-3 superfamily plasmids is suggestive of its importance. We have not found any evidence so far of the existence of any Acinetobacter plasmid that harbors only this “repA” reading frame without the repB gene. Nevertheless, a small number of repB-only plasmids do exist (such as p1ABAYE and the pABUH2a plasmids) and they form a distinct clade in the RepB phylogenetic tree (grouped under GR11; Figure 1) with their own unique iteron sequences (Supplementary Table S1 and Data Sheet 1). Hence, in the absence of further experimental evidence, we could neither confirm nor completely rule out the involvement of this “repA” gene in the replication function of this group of plasmids. It is possible that some of these plasmids do require two replication genes, similar to IncQ plasmids such as RSF1010 which contained three replication genes with RepA functioning as the helicase, RepB as the primase, and RepC as the iteron-binding oriV-activator (Meyer, 2009).

Another key feature found in majority of the small Rep-3 superfamily plasmids is XerC/XerD recombination sites flanking various gene modules (Supplementary Figure S1 and Table S1). Some of these gene modules include antibiotic resistance determinants such as blaOXA-24/blaOXA-40 (in pABVA01, pMMCU3, pAbATCC329, pABUH3a-8.2, and pABUH2a-5.6), blaOXA-72 (in p2ABST25 and pAB-NCGM253), and the tet(39) tetracycline-resistance gene (in pRCH52-1). XerC and XerD recombinases usually function to convert plasmid and chromosomal dimers to monomers during cell division with each recombinase catalyzing the exchange of a specific pair of strands between the recombining sites via a Holliday Junction, which is an essential reaction intermediate (Midonet and Barre, 2014). These recombinases are also involved in the integration of phage CTX-Φ in the Vibrio cholerae genome (Val et al., 2005) and transposition of certain conjugative transposons (Bui et al., 2006; Midonet and Barre, 2014). The DNA sequence of these small plasmids strongly infer the involvement of the XerC/XerD recombination system in the mobilization of discrete DNA modules, including antibiotic resistance genes, in A. baumannii although experimental proof of this has yet to be demonstrated.

Type II toxin–antitoxin (TA) systems are also found in most of the Rep-3 superfamily group of small plasmids. Type II toxin–antitoxin systems are known to mediate the stable maintenance of plasmids which harbor them through the post-segregational killing of any plasmid-free daughter cells that developed, making it difficult for the host cells to lose these plasmids (Hayes, 2003). Their presence may partly explain the widespread prevalence of this group of plasmids among A. baumannii. The AbkB/AbkA TA system (also known as SplT/SplA) has been shown to be a functional TA system with the AbkB (or SplT) toxin as an endoribonuclease and translational inhibitor, and AbkA (or SplA) as its cognate antitoxin (Jurenaite et al., 2013; Mosqueda et al., 2014). Other TA pairs found in these plasmids in place of AbkB/AbkA include RelE/Cro-CI (in pMAC, pABLAC1, and pD36-3), phd–yoeB (in p1ABAYE), dinJ–yafQ (in pABUH2 plasmids), and rnlA–rnlB (found flanked by XerC/XerD sites in pNaval18-7.0) (Supplementary Table S1). The functionality of these putative TA systems has yet to be experimentally verified.

Some of these Rep-3 superfamily small plasmids also harbor putative virulence factors in the form of a TonB-dependent receptor, septicolysin (Lean et al., 2016) and Sel1-repeat protein. TonB-dependent receptors are known to play a role in iron acquisition (Zimbler et al., 2013) whereas septicolysins are thiol-activated cytolysins with cytolytic activity toward eukaryotic cells and have been implicated in the pathogenesis of bacteria such as Clostridium perfringens, Listeria monocytogenes, and Streptococcus pneumoniae (Billington et al., 2000). Sel1-repeat proteins have diverse biological roles, often as adaptor proteins for the assembly of macromolecular complexes (Mittl and Schneider-Brachert, 2007). Bacterial Sel1-repeat proteins mediate interactions between the pathogen and its eukaryotic host cells and have been described in Helicobacter pylori, Legionella pneumophila, and Pseudomonas aeruginosa as important virulence factors, as reviewed in Mittl and Schneider-Brachert (2007). In Neisseria meningitidis, a Sel1-repeat protein, NMB0419, was shown to be involved in meningococcal interactions with epithelial cells (Li et al., 2003) and in a recent paper, it was intriguingly shown that the expression of NMB0419 led to transcriptional changes in genes involved in iron uptake, energy metabolism, and virulence functions in a manner counteracting the global regulator, Fur (Li et al., 2017). It would therefore be of interest to experimentally investigate if these genes encoded by some of the small plasmids of the Rep-3 superfamily truly function as virulence factors for A. baumannii, thereby contributing to the pathogenicity of the bacterium.

Some of these small Rep-3 superfamily plasmids also encode orthologs of the MobL or MobA mobilization proteins identified by the pfam03389 conserved domain found in the MobA/MobL protein family. Plasmids that encode genes for these proteins are mobilizable by other self-transmissible plasmids. Nevertheless, the only experimental evidence for the mobilization potential of these plasmids was for pMAC of A. baumannii 19606 with the experiment carried out using the cloned mobA/mobL gene in an E. coli DH5α host and an E. coli HB101 recipient (Dorsey et al., 2006). Until now, the mobilization potential of this group of plasmids from an Acinetobacter donor to an Acinetobacter recipient has yet to be shown.

THE REP-1 SUPERFAMILY

There is a group of small cryptic plasmids from A. baumannii that usually comprise of a single rep gene and between two and five hypothetical genes. The rep gene of this group of plasmids encodes a replicase of the Rep-1 superfamily. Phylogenetic analysis of the Rep proteins from this group of plasmids showed that they could be divided into two subgroups: the p4ABAYE subgroup and the Rep63 subgroup (Supplementary Figure S2). The 2,726 bp p4ABAYE from A. baumannii AYE encodes a rep gene and four hypothetical ORFs (Fournier et al., 2006) and was categorized under the GR14 group of Acinetobacter plasmids (Bertini et al., 2010). The second subgroup contained two of the smallest reported Acinetobacter plasmids, the 1,967 bp p3AB5075 from A. baumannii AB5075 (Gallagher et al., 2015) and the 1,958 bp pM131-10 plasmid from Acinetobacter sp. M131 (accession no. JX101639). The small size of p3AB5075 has been validated by plasmid extraction and agarose gel electrophoresis (Gallagher et al., 2015), and the plasmid consisted of the rep gene and two other reading frames of unknown function. Although Gallagher et al. (2015) stated that the rep gene of p3AB5075 was of undefined plasmid replication group, our phylogenetic analysis indicated that it is grouped with an unpublished 2,343 bp A. baumannii plasmid pAB49 (accession no. L77992.1) (Supplementary Figure S2), which was previously categorized by Bertini et al. (2010) under the GR16 group. Furthermore, the rep-encoded protein of pAB49 had been previously shown to be homologous to the Rep63 replication initiation protein encoded by pBL63.1 of Bacillus licheniformis and orthologs in rolling-circle replicating (RCR) plasmids from various other bacterial species (Guglielmetti et al., 2005).

PLASMID pRAY AND ITS DERIVATIVES

The 6,076 bp plasmid pRAY was first isolated from a South African clinical Acinetobacter strain designated SUN, which is of unknown clonal origin, through its carriage of the aadB gene which conferred resistance to the aminoglycosides gentamicin, kanamycin, and tobramycin (Segal and Elisha, 1999). The aadB gene is usually associated with class I integrons (Recchia and Hall, 1995), but in Acinetobacter sp. SUN and subsequently, in other Acinetobacter spp. isolated worldwide, aadB is found in pRAY and its closely related derivatives (Segal and Elisha, 1999; Adams et al., 2010; Nigro et al., 2011; Hamidian et al., 2012; Gifford et al., 2014; Ou et al., 2015; Kurakov et al., 2016). The aadB gene is likely acquired as its G+C content of 58% is higher than the G+C content of 37% for the rest of pRAY (Segal and Elisha, 1999) and the presence of an attC site immediately downstream of aadB is indicative of its gene cassette origin (Nigro et al., 2011).

A total of 10 ORFs, including aadB, was identified from the pRAY sequence, with two ORFs (designated ORF3 and ORF6) encoding proteins that were homologous to mobilization proteins (Segal and Elisha, 1999). A putative origin of transfer (oriT) was also identified upstream of ORF3 (Segal and Elisha, 1999), inferring the potential transmissibility of pRAY.

Derivatives of pRAY have been characterized from Australian A. baumannii clinical strains with a plasmid designated pRAY∗ isolated from strain D36 and pRAY∗-v1 from strain C2 (Hamidian et al., 2012). The mobA gene from pRAY∗ is larger than ORF3 of pRAY but is still categorized within the ColE1 superfamily of MobA proteins (MOBHEN family) with the putative oriT located upstream of mobC (Hamidian et al., 2012). Plasmid pRAY∗-v1 differed from pRAY∗ by 66 single nucleotide differences, 65 of which were within the mobC–mobA region leading only to amino acid substitutions of MobC and MobA but without any frameshifts. A. baumannii E7 harbored pRAY∗-v2 which was 2.5 kb larger than pRAY and sequence analysis indicated complete identity with pRAY∗ but with the insertion of two IS elements, an IS18-like element which is found within ISAba22 and located upstream of the aadB gene (Hamidian et al., 2012) (Figure 2). A single nucleotide variant of pRAY∗-v1, designated pRAY∗-v3, was isolated from a clinical strain of A. nosocomialis from Melbourne, Australia (Gifford et al., 2014).


[image: image]

FIGURE 2. Comparative map of the pRAY plasmid and its derivatives from various Acinetobacter spp. The mobA and mobC genes are indicated as black arrows whereas the AT-rich putative oriT sequence is indicated as a purple box. Antimicrobial resistance genes (either aadA27 for streptomycin/spectinomycin resistance or aadB for aminoglycoside resistance) are depicted as a dark yellow arrow while the Abi-like protein (identified by pfam07751) gene is indicated as a green arrow. IS element-encoded transposases are depicted in pink, the inverted repeats (IRs) for ISAba22 are shown as blue rectangles whereas the IRs for IS18 are shown as white rectangles (for pRAY∗-v2). Hypothetical open reading frames are depicted as gray arrows. Accession numbers for the plasmids shown are in parentheses following their names.



Analysis of a 4,135 bp plasmid designated pALWED1.8 harbored in A. lwoffii isolated from the permafrost in Russia indicated conservation of the oriT–mobC–mobA region with pRAY and its derivatives (Figure 2) (Kurakov et al., 2016). The pALWED1.8 plasmid contained an aadA27 gene downstream of mobA that conferred resistance to streptomycin/spectinomycin but without an attC site that was observed for aadB in pRAY and its variants (Nigro et al., 2011). Interestingly, the oriT–mobC–mobA backbone was identified from the genome sequence of various Acinetobacter species with various genes found in the accessory regions of these plasmids such as an alkyl sulfatase gene (involved in the degradation of surface-active substances such as sodium dodecylsulfate, or SDS) in the plasmid from A. radioresistens SK82 (Kurakov et al., 2016). Thus, members of this group of plasmids, including pRAY and pALWED1.8, might have originated from a common ancestor and independently acquired different genes into the accessory region of the plasmid. The mobilization of pALWED1.8 was demonstrated in conjugation experiments between A. lwoffii strain ED23-35 which contained pALWED1.8 and a large conjugative plasmid pKLH208 (Kholodii et al., 2004) and A. baylyi BD413rif as the recipient.

Intriguingly, until now, no potential replication initiation protein could be identified for pRAY and its derivatives based on sequence homology (Hamidian et al., 2012; Kurakov et al., 2016). Nevertheless, a potential origin of replication was identified for pRAY upstream of aadB where eight copies of an AT-rich repeat sequence, AAAAAATAT, were found (Segal and Elisha, 1999). The replication of these plasmids may mirror that of plasmids such as ColE1 which do not encode a rep gene since their replicon only consists of an oriV with the host RNA polymerase transcriptional machinery taking care of the melting of duplex DNA and synthesis of pre-primer RNA for replication initiation (Brantl, 2014; Thomas et al., 2017). Efforts to transform pRAY into E. coli were not successful, implying that pRAY and its derivatives might be specific for Acinetobacter (Segal and Elisha, 1999).

CONCLUDING REMARKS

This mini-review has highlighted the small plasmids of A. baumannii, whether cryptic, resistance-related, or even mobilizable plasmids, and inferred the likely importance of these plasmids to their host. The potential of these small plasmids in transferring antibiotic resistance and possibly, even virulence genes, among Acinetobacter species should not be overlooked as their promiscuity could be comparable to that of larger plasmids and thus, would have a significant impact on the evolution of A. baumannii. The dearth of experimental studies with regards to these small Acinetobacter plasmids, given the importance of A. baumannii in the World Health Organization list of priority pathogens (World Health Organization, 2017), is indeed surprising and needs to be addressed. The PCR-based replicon typing (PBRT) scheme developed by Bertini et al. (2010) would probably need updating in view of an ever increasing amount of A. baumannii plasmid sequence data although their Rep-based classification scheme into different GR groupings appeared to be still valid with respect to the small plasmids. Nevertheless, plasmids of the pRAY-type would require another classification scheme due to the lack of a replicase protein. Other plasmid typing schemes such as plasmid multi-locus sequence typing (pMLST) and MOB classification based on plasmid mobility genes (Francia et al., 2004; Garcillán-Barcia et al., 2011) would be difficult to apply for these small Acinetobacter plasmids due to their lack of loci used in these typing schemes. There is clearly a need for us to accurately identify individual plasmids especially in this era of big data and whole genome sequencing (Orlek et al., 2017; Thomas et al., 2017), tracking the movement of plasmids and understanding their dynamic evolution, and small plasmids should not escape from our consideration simply because of their size.

AUTHOR CONTRIBUTIONS

SSL and CCY conceived, analyzed the data, wrote, edited, and approved this manuscript.

FUNDING

This work was supported by provisions from grant FRGS/1/2016/SKK11/UNISZA/01/1 from the Malaysian Ministry of Higher Education to CCY.

ACKNOWLEDGMENTS

Our thanks and appreciation to T. Venkova for her help in checking the iteron sequences and for her suggestions. Our gratitude also to A. Brahmavamso for inspiring us with the title of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.01547/full#supplementary-material

FIGURE S1 | Comparative map of the small Acinetobacter plasmids of the Rep-3 superfamily. The repB replicase gene is indicated as a dark blue filled arrow, the putative repA gene is depicted in light blue. Hypothetical open reading frames are shown as unfilled arrows whereas black arrows are for the mobA/mobL mobilization genes. Red crosses indicate the XerC/XerD recombination sites. Filled blue twin-triangles depict the iterons that make up the putative origin of replication, oriV. Accession numbers and further details of the plasmids are as in Supplementary Table S1 with detailed iteron sequences and locations on the respective plasmids in Supplementary Data Sheet 1.

FIGURE S2 | Phylogenetic tree of the small Acinetobacter plasmids of the Rep-1 superfamily based on the Rep protein sequences, analyzed and drawn using MEGA7 (Kumar et al., 2016). Protein sequences were aligned using MUSCLE (Edgar, 2004), evolutionary history was inferred using the Neighbor-Joining method and the optimal tree (with the sum of branch length = 3.01508040) is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The plasmids were grouped according to the GR classification scheme proposed by Bertini et al. (2010) and indicated here as GR14 and GR16 in different colored boxes. Accession numbers for the plasmids used in the analysis are as follows: p3AB5075 (NZ_CP008709.1), pBL63.1 (NC_006959.1), pM131-10 (NC_025169.1), pAB49 (L77992.1), pMRSN7339-2.3 (NZ_CM003313.1), p4ABAYE (NC_010403.1), pMRSN58-2.7 (NZ_CM003316.1), pA85-1 (NC_025107.1), and pTS236 (NC_016977.1). Note that pBL63.1 was isolated from Bacillus lichineformis and was included in the analysis based on the findings of Guglielmetti et al. (2005).

TABLE S1 | Features of the Rep-3 superfamily group of Acinetobacter plasmids.
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