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Abstract

:

Acinetobacter baumannii appears to be one of the most crucial nosocomial pathogens. A possible component of antimicrobial therapy for infections caused by extremely drug-resistant A. baumannii strains may be specific lytic bacteriophages or phage-derived enzymes. In the present study, we observe the biological features, genomic organization, and phage–host interaction strategy of novel virulent bacteriophage Aristophanes isolated on A. baumannii strain having K26 capsular polysaccharide structure. According to phylogenetic analysis phage Aristophanes can be classified as a representative of a new distinct genus of the subfamily Beijerinckvirinae of the family Autographiviridae. This is the first reported A. baumannii phage carrying tailspike deacetylase, which caused O-acetylation of one of the K26 sugar residues.
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1. Introduction


Nowadays, the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter sp.) are the leading cause of nosocomial infections worldwide [1]. A. baumannii are strictly aerobic, non-fermenting, catalase-positive, oxidase-negative, immobile (non-glutinous, have twitching mobility) Gram-negative coccobacilli with a DNA G+C content of about 39% [2]. In 2017, carbapenem-resistant A. baumannii strains was designated by the World Health Organization as pathogens of the “Priority 1: CRITICAL” group within a proposed list of the most significant antibiotic-resistant bacteria for which the development of new antibiotics is extremely necessary [3]. A possible component of antimicrobial therapy of infections caused by drug-resistant A. baumannii strains can be specific lytic bacteriophages or enzymes and antibacterial proteins encoded in their genomes.



A. baumannii strains can produce a vast variety of capsular polysaccharides (CPSs) which serve as primary receptors for the majority of phages that carry genes encoding polysaccharide-degrading enzymes [4,5,6,7,8,9,10,11]. The structures of A. baumannii CPSs are very diverse, comprising above 140 capsular types (K types) have been predicted bioinformatically (J.J. Kenyon, Queensland University of Technology, Brisbane, Australia, personal communication). To date, there are descriptions of depolymerase-carrying bacteriophages specifically infecting A. baumannii strains belonging to 15 various K types [4,5,7,8,9,10,11,12].



For now, there was no evidence, that phages infecting A. baumannii strains use deacetylation as a phage–host recognition and adsorption strategy. In this study, we have revealed and described the first member of such type of bacterial viruses–phage Aristophanes encoding structural deacetylase.




2. Materials and Methods


2.1. Bacterial Strains


A. baumannii strain KZ1098 used as the bacterial host for phage Aristophanes, was isolated from the respiratory tract of a hospitalized patient in Nur-Sultan, Kazakhstan in 2016. According to SNPTAb database [13] KZ1098 belongs to ST218Pas/ST184Oxf sequence types, has K26 capsular type and also carries the blaOXA-58-like carbapenemase gene. The strain was kindly provided by Drs. Mikhail Edelshtein and Ilya Azizov (Institute of Antimicrobial Chemotherapy, Smolensk State Medical University, Smolensk, Russia).



The host specificity of the phage was tested against a panel of A. baumannii strains with confirmed CPS structure belonging to different K types (K1, K2, K3/22, K6, K7, K8, K9, K11, K15, K16, K17, K19, K20, K21, K24, K25, K26, K27, K30, K32, K33, K35, K37, K42, K43, K44, K45, K46, K47, K48, K51, K52, K53, K54, K55, K57, K58, K61, K73, K74, K80, K81, K82, K83, K84, K85, K87, K88, K89, K90, K91, K92, K93, K116, K125, K128) used in our previous work [7]. The strains were kindly provided by the members of research groups from different countries.




2.2. Phage Isolation, Propagation, and Purification


Bacteriophage Aristophanes was isolated from a sewage sample (collected in 2018, Moscow, Russia) by an enrichment procedure described previously [7]. The sewage sample was cleared by low-speed centrifugation at 7000× g for 15 min to avoid bacterial and mechanical pollution. Then the supernatant was mixed with LB medium and was incubated in presence of growing A. baumannii strain KZ1098 as well as other A. baumannii strains belonging to different capsular types overnight at 37 °C with shaking, and then chloroform was added. Bacterial debris was pelleted by centrifugation at 7000× g for 30 min. Supernatant was subsequently filtered through 1.20 and 0.45-µm-pore-size membrane filters (Millipore, Cork, Ireland). The presence of lytic bacteriophages in the samples was confirmed by a spot test on the lawn of the target strain. The formation of zones of lysis or plaques formation was verified after overnight incubation of plates at 37 °C.



Plaques formed on the lawn of A. baumannii strain KZ1098 were picked up and suspended in the SM buffer (50 mM Tris-HCl pH 7.7, 8 mM MgSO4, 100 mM NaCl). The resulting SM solution was then titrated to select single plaques to derive pure phage stock.



The phage Aristophanes propagation was executed using liquid culture of A. baumannii strain KZ1098 (OD600 = 0.3) at the multiplicity of infection (MOI) of 0.1. The incubation was performed at 37 °C until lysis, and then chloroform was added. Bacterial debris was spined down by centrifugation at 7000× g for 15 min. Phage particles were precipitated by polyethylene glycol (PEG) 8000 (added to a final concentration of 10% w/v) and 500 mM NaCl for 24 h at 4 °C. The PEG–phage precipitate was pelleted by centrifugation for 20 min at 9000× g at 4 °C, then the phage was resuspended in SM buffer. Phage was cleared of PEG by centrifugation 7000× g for 10 min in presence of chloroform (0.5 volume).



The further phage purification was performed by centrifugation in CsCl step gradient at 100,000× g for 2 h, opalescent band containing phages was collected, dialyzed against SM buffer, and stored at 4 °C.




2.3. Electron Microscopy


Negative-staining transmission electron microscopy [14] was performed to establish the morphology of phage Aristophanes. An aliquot of the purified phage preparation was loaded to the carbon-coated copper grid, subjected to glow-discharge, and subsequently negatively stained with 1% uranyl acetate for 30 s and air-dried. Prepared grids were examined using a JEOL JEM-2100 200 kV transmission electron microscope. Images of negatively stained phage particles were taken with a Gatan Ultrascan 1000XP CCD camera and Gatan Digital Micrograph software. The dimensions were averaged among at least 30 individually measured particles.




2.4. Phage Host Specificity Determination


The host specificity of phage Aristophanes was tested against a collection of 56 A. baumannii strains belonging to different K types using the double-layer method [15]. For this, 300 µL of A. baumannii bacterial cultures grown in LB medium at 37 °C to OD600 of 0.3 were mixed with 4 mL of soft agar (LB broth supplemented with 0.6% agarose). The mixtures were plated onto the nutrient agar. Then, the phage suspension (~109 plaque-forming units (PFU) per mL) was spotted on the soft agar lawns and incubated at 37 °C for 18–24 h.




2.5. Phage Adsorption and One-Step Growth Experiments


A sample of phage Aristophanes was inoculated in growing culture of A. baumannii strain KZ1098 at the approximate MOI of 0.001 and incubated at room temperature. A volume of 100 µL of samples was taken in 0, 1, 3, 5, 8, 10, 15, 20, 25, and 30 min and then mixed with 850 µL of SM buffer with 50 µL of chloroform. After centrifugation, the supernatants were titrated for further determination of unabsorbed phages by the plaque assay method [15] at different time intervals. The procedure was repeated three times. The adsorption constant was calculated according to the study by Adams [15] for a period of 5 min.



For the one-step growth experiments, 20 mL of A. baumannii KZ1098 (OD600 of 0.3) was harvested by centrifugation (3500× g, 10 min, 4 °C) and resuspended in 1 mL LB broth. Bacterial cells were infected with the phage at MOI of 0.01. The bacteriophage was allowed to adsorb for 5 min at 37 °C. Then, the mixture was centrifuged at 13,000× g for 2 min to remove unabsorbed phage particles, and the pellet was resuspended in 20 mL of LB broth. Samples were taken at 5- and 10-min intervals for 100 min of incubation at 37 °C and immediately titrated. The procedure was repeated three times.




2.6. DNA Isolation, Sequencing, and Phage Genome Annotation


Phage DNA was isolated from concentrated and purified high titer phage stock by standard phenol-chloroform method [16] with previous incubation of sample in 0.5% SDS and 50 µg/mL proteinase K at 65 °C for 20 min.



Genome sequencing was performed on the MiSeq platform using a Nextera DNA library preparation kit (Illumina, San Diego, CA, USA). The generated reads were assembled de novo into single contig using SPAdes v. 3.11.1 [17] with default parameters.



Phage genome was annotated by predicting and validating open reading frames (ORFs) using Prodigal 2.6.1 [18], GeneMarkS 4.3 [19], and Glimmer 3.02 [20]. Identified ORFs were manually curated to ensure fidelity. Functions were assigned to ORFs using a BLAST search on NCBI databases and HHpred [21]. tRNA coding regions were identified with tRNAscan-SE [22] and ARAGORN [23]. Resulting genomes were visualized using Geneious Prime version 2021.1.0. The intergenic genome regions of the phages were searched for promoters with PhagePromoter in the Galaxy framework with threshold 0.65. The position and length of terminal repeats was identified by searching a region with roughly double read depth in comparison to average read depth across the whole genome of the phage. Physical termini were next verified directly by Sanger sequencing with outward-directed primers located inside and outside putative repeats. Predicted proteins were compared using the virulence factor database (VFD) [24].




2.7. Nucleotide Sequence Accession Number


Annotated genome of A. baumannii phage Aristophanes was deposited to NCBI GenBank under accession number MT783706.




2.8. Phylogeny and Taxonomy Studies


Phage genomes for comparison were downloaded from Genbank. Genes of terminase large subunit were extracted from the annotated genomes. Protein alignments were made with MAFFT (L-INS-i algorithm, BLOSUM62 scoring matrix, 1.53 gap open penalty, 0.123 offset value) [25]. The alignments were trimmed manually and with trimAL with gappyout settings. Phylograms were generated based on the amino acid sequences of proteins and their concatenated alignments. Best protein models were found with MEGAX 10.0.5 [26]. Trees were constructed using the maximum likelihood (ML) method with an RAxML program [27,28] and a LG+G protein model [29], and with MrBayes [30,31]. The robustness of the trees was assessed for RAxML by fast bootstrapping (2000) and for MrBayes by the estimation of the average standard deviation in split frequencies.




2.9. Genome Comparison, Gene, and Protein Analysis


Average nucleotide identity (ANI) was computed using the OrthoANIu tool, employing USEARCH over BLAST [32] with default settings. The VIRIDIC server was employed for calculating phage intergenomic similarities [33]. Genome comparison was made with Easyfig [34]. Protein remote homology detection and modelling were carried out using HHpred and Phyre2 [35]. Custom BLAST databases were mounted with the BLAST tool.




2.10. Cloning, Expression, and Purification of the Recombinant Deacetylase


The DNA sequence of Aristophanes gp41 encoding deacetylase (lacking N-terminal domain of the native phage protein) was PCR amplified using primers 5′-ATAGGATCCGATAGTGCGAGCGTTGCAA and 5′-ATACTCGAGTTATAGATTCTCAAAAATTGGCA and cloned into the pTSL plasmid (GenBank accession KU314761) [36] using BamHI and XhoI restriction sites.



Recombinant protein comprising 167-993aa of the native protein was expressed in E. coli B834 (DE3) by induction with 1 mM IPTG at 18 °C overnight. Then the cells were deposited by centrifugation at 4000× g for 20 min at 4 °C, resuspended in buffer A (20 mM Tris pH 8.0, 0.4 M NaCl) and sonicated (Virsonic, VirTis, France). The lysate was cleared by centrifugation at 13,000× g for 25 min and then loaded into 5 mL Ni2+-NTA Sepharose column (GE Healthcare, Chicago, IL, USA) equilibrated with buffer A. The protein was eluted by a 0–200 mM imidazole step gradient in buffer A. His-tag and SlyD digestion was realized by incubation with TEV-protease overnight with simultaneous dialysis against 10 mM Tris pH 8.0. Final purification was carried out on a 5 mL SourceQ 15 (GE Healthcare, Chicago, IL, USA) using a linear gradient of 0–600 mM NaCl in 20 mM Tris-HCl (pH 8.0).




2.11. Phage Infection Inhibition Assay


Phage Aristophanes infection inhibition assay was performed as follows. A titer of 3.5 × 106 plaque forming units (PFU)/mL for the phage was chosen for the competition experiments. A. baumannii KZ1098 was grown in LB medium at 37 °C to an OD600 of 0.3. Then, Aristophanes_gp41 was added to a 300-μL aliquot of the cell culture to a final concentration of 0.5 mg/mL and incubated for 20 min at 37 °C. Three-hundred-microliter aliquots of the A. baumannii host cells with no additives or supplemented with bovine serum albumin (BSA) to a final concentration of 0.5 mg/mL incubated for 20 min at 37 °C served as controls. After the incubation, several dilutions of phage Aristophanes and 4 mL of soft agar were added to the mixtures and plated onto the nutrient agar. The plates were incubated overnight at 37 °C and assayed for the number of lysis plaques. The experiment was performed in triplicate. The GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis and graphical presentation of the results.




2.12. Isolation, Purification, and Deacetylation of the CPS by Recombinant Protein


The A. baumannii strain KZ1098 was cultivated in 2TY media overnight at 37 °C. Bacterial cells were harvested by centrifugation (10,000× g, 20 min), washed with phosphate-buffered saline, suspended in aqueous 70% acetone, precipitated, and dried on air.



A K26 CPS sample was isolated by phenol-water extraction [37] and purified as described [38].



Purified CPS was solubilized at 20 mM TrisHCl pH 8.0 buffer and recombinant phage protein was added in the ratio of 1/100 v/v. The reaction mixture was incubated at 37 °C overnight. CPS processing products were fractionated by gel-permeation chromatography as described previously [7].




2.13. NMR Spectroscopy


Samples were deuterium-exchanged by freeze-drying from 99.9% D2O. NMR spectra were recorded for solutions in 99.95% D2O on a Bruker Avance II 600 MHz spectrometer (Bruker, Germany). Two-dimensional 1H-1H correlation spectroscopy (COSY), 1H 1H total correlation spectroscopy (TOCSY), 1H-1H rotating-frame nuclear Overhauser effect spectroscopy (ROESY), 1H-13C heteronuclear single-quantum coherence (HSQC), and 1H-13C heteronuclear multiple-bond correlation (HMBC) experiments were performed using standard Bruker software. Bruker TopSpin 2.1 program was used to acquire and process the NMR data. A spin-lock time of 60 ms and mixing time of 200 ms were used in 1H-1H TOCSY and 1H-1H ROESY experiments, respectively. A 1H-13C HMBC experiment was recorded with a 60 ms delay for evolution of long-range couplings to optimize the spectrum for coupling constant JH,C 8 Hz.





3. Results


3.1. Biology and Morphology of Aristophanes Phage


The A. baumannii phage Aristophanes was isolated from a sewage sample and was found to be infectious to A. baumannii strain KZ1098 belonging to K26 capsular type. Phage Aristophanes produces small clear plaques without visible halos (Figure 1A) on the host bacterial lawn. Transmission electron microscopy revealed that the phage has isometric icosahedral head with average size of 50 nm in diameter with a short non-contracile tail (Figure 1B).



The host specificity of Aristophanes was tested against a collection of A. baumannii strains with biochemically characterized CPS structures belonging to 56 different K types described in our previous study [7]. Phage Aristophanes was found to be highly specific and was capable to infect only A. baumannii strain with K26 CPS structure.



The infection process for phage Aristophanes was investigated by estimating the adsorption efficiency and one-step growth experiments. As shown in Figure 2A, almost 50% of phage particles adsorbed to A. baumannii KZ1098 cells within 5 min, and more than 80% within 20 min. The phage exhibited adsorption constant of 1.3 × 10−9 mL/min for the host strain for a period of 5 min. The latent period for Aristophanes was 20 min (Figure 2B), and the burst size was approximately 15 particles per infected cell.




3.2. Phage Genome Organization and Comparison


Phage Aristophanes has linear dsDNA genome of 43,505 bp including flanking 184 bp-long terminal repeats. The G+C content of the Aristophanes genome is 42.5%, close to the G+C content of the A. baumannii strains (approximate average value is 39%).



The genome organization is typical for the phages of family Autographiviridae. The Aristophanes genome contains 46 predicted genes encoding 24 proteins with assigned putative functions and 22 hypothetical proteins (Table S1). All the genes are oriented in the same direction. There were no tRNA genes found in the phage genome. The sequence search demonstrated that most of the Aristophanes predicted proteins including the replication and morphogenesis ones are close to the proteins of other A. baumannii Autographiviridae bacteriophages. BLAST search with the virulence factor databases (VFDB) did not show a significant similarity with the known virulence factors. The list of predicted promoters includes the promoters anticipating the so-called ‘early region’ genes in the beginning of the genome, the promoters of DNA and RNA polymerases’ genes, the promoters anticipating the blocks of structural and lysis genes. The arrangement of predicted promoters is close to that one of the model phage T7 [39]. The genetic map of phage Aristophanes is shown in Figure 3.



The intergenomic comparison of four phylogenetically close A. baumannii phages, namely Aristophanes, Fri1, Petty, and Acibel007 (belonging to the subfamily Beijerinckvirinae of the family Autographiviridae), and Pseudomonas phage YMC11/06/C171_PPU_BP (belonging to the subfamily Corkvirinae of the family Autographiviridae) indicates both the overall similarity of the Autographiviridae phage genomes and the more prominent similarity of the Beijerinckvirinae phage genomes. The differences are located mainly in the early-genes region (Figure 4) encoding products which are most likely involved in inhibiting or redirecting of functionally important host systems [40]. The Beijerinckvirinae tailspike proteins (except for the N-termini of the proteins) demonstrate a significant difference in primary structure. The Aristophanes genome contains totally 12 genes unique for this phage (Table S1).




3.3. Phage Taxonomy and Phylogeny


The initial full-genome comparison using all complete and draft genome sequences of Autographiviridae phages deposited to Genbank was conducted through calculations of average nucleotide identity (ANI) (Table S2). The ANI data testify of relatively distant similarity of the phage Aristophanes with other Acinetobacter bacteriophages (ANI of 66.9% or less) belonging to family Autographiviridae subfamily Beijerinckvirinae. However, ANI values closest to Aristophanes belong to Acinetobacter phage vB_AbaP_Acibel007 of genus Daemvirus and Acinetobacter phage AbKT21phiIII of genus Friunavirus (66.9% and 66.4%, correspondingly). This hinders further attribution of Aristophanes to a particular genus. The intergenomic similarity matrix made with the VIRIDIC tool, possibly better estimating the intergenomic similarities [40,41], places the phage Aristophanes near the Beijerinckvirinae Acinetobacter phages of the genera of Daemvirus, Pettyvirus, and Friunavirus with the value of 18.8–22% which is far beyond the genus threshold of 70% (Figure S1).



The large subunit of terminase appears to be one of the most conserved proteins encoded in bacteriophage genomes, that makes this protein appropriate for the elucidation of phylogenetic relations [41,42]. The phylogenetic tree, constructed with protein sequences including the representatives of all genera of Beijerinckvirinae subfamily places the phage Aristophanes comparatively distantly from other Beijerinckvirinae phages infecting Acinetobacter spp. This placement is confirmed with a high degree and comparatively significant branch lengths by MrBayes (Figure 5) and the RAxML phylogeny (Figure S2). It seems that the phage Aristophanes can be classified as a representative of an unassigned genus within the Beijerinckvirinae subfamily. The Aristophanes phage shares the last common ancestor with the Acinetobacter phages Petty belonging to the genus of Pettyvirus and Acibel007 belonging to the genus of Daemvirus. The Corkvirinae and Slopekvirinae subfamilies appear to be the closest relatives of the Beijerinckvirinae subfamily.




3.4. Phage Aristophanes Tailspike Deacetylase


The adsorption apparatus of phage Aristophanes is represented by tailspike protein gp41 (GenBank accession QNO11465) encoded at the end of the structural module of the phage genome (Figure 3 and Figure 4). Aristophanes_gp41 is 993-amino-acid protein with predicted molecular weight of 108.9 kDa. The bioinformatic analysis conducted with BLAST and HMM searches indicate the modular structure of this protein (Figure 6A). The N-terminal part of gp41 possesses the typical phage particle binding structure. The C-part of the protein appears to share structural features with the SGNH/GDSL-hydrolases, including the five parallel β-sheets intrinsic for all SGNH-hydrolases (Figure 6A,B).



BLASTp analysis revealed that the closest homolog of Aristophanes_gp41 is a hypothetical protein of Acinetobacter pittii (WP_130128013, the coverage obtained to an E-value of 0.0 was 78% with an identity of 81.39%). However, there was no homology between N-terminal parts of these proteins. HHpred analysis shows that the structure of Aristophanes_gp41 N-terminal domain is similar to the structures of N-terminal domains of A. baumannii phage phiAB6 tailspike (HHpred probability >98%) and mature bacteriophage T7 tail fiber protein gp17 with E-value of 0.00012. The C-terminal half (548–991aa) of the Aristophanes_gp41 structurally corresponds to GDSL-like lipase/acylhydrolase family protein of Neisseria meningitidis (HHpred probability >97%).



Recombinant Aristophanes_gp41 (167-993aa), lacking N-terminal part, was expressed in E. coli and purified as described. On the bacterial lawn of A. baumannii KZ1098 the protein forms very weak opaque halo (data not shown). Competition experiments have been performed to show that Aristophanes_gp41 plays a key role in the initial stage of the interaction between the phage and the bacterial host (Figure 6C). A. baumannii KZ1098 bacterial cultures preincubated with purified Aristophanes_gp41 and with BSA (as a negative control) were mixed with several phage Aristophanes dilutions and plated onto the nutrient agar. After overnight incubation, the phage plaques were measured. It was shown that coincubation of the cells with gp41 completely blocked the phage Aristophanes infection, whereas coincubation of host bacterial cells with BSA showed no significant difference in phage titers.




3.5. Deacetylation of the K26 CPS by Aristophanes_gp41 Recombinant Protein


Considering that bacteriophage Aristophanes forms plaques without visible halos, unlike other A. baumannii phages of the family Autographiviridae, and the purified protein Aristophanes_gp41 forms very weak halo on the bacterial lawn of the host strain in comparison with previously described tailspike depolymerases [4,5,7,8,9,10,11] we assumed that the mechanism of Aristophanes_gp41 interaction with K26 capsular polysaccharides is not based on total cleavage of CPS to monomers or oligomers of the K unit. To elucidate the exact mechanism of action of Aristophanes_gp41, K26 CPS of A. baumannii KZ1098 was treated with the purified protein, and the resultant modified polysaccharide (MPS) was studied by NMR spectroscopy. The 1H and 13C NMR spectra of the MPS were fully assigned using two-dimensional shift-correlated experiments (1H-1H COSY, 1H-1H TOCSY, and 1H-13C HSQC). Based on these data combined with 1H,1H and 13C,1H correlation patterns revealed by two-dimensional 1H-1H ROESY and 1H-13C HMBC experiments, the structure of the MPS was established (Figure 7A).



Treatment of the K26 CPS with Aristophanes_gp41 caused no changes to the NMR spectral data of the constituent sugar residues except for 6-deoxytalose (6dTal) (unit B). An unusual low-field position of the H-4 signal of 6dTal at δH 5.38 was observed in the CPS and accounted for by 4-O-acetylation of this sugar residue. Treatment with the phage tailspike protein caused an upfield shift of this signal to δH 3.93 (Figure 7B). This displacement was evidently due to elimination of a deshielding effect of an O-acetyl group that was, therefore, located at position 4 of unit B in the initial CPS (Figure 7B). Otherwise, the 1H and 13C NMR spectra of the CPS before and after O-deacetylation did not differ essentially, and hence, O-deacetylation caused no other structural changes.



To sum up, Aristophanes_gp41 was found to be deacetylase which caused O-acetylation of one of the K26 sugar residues.





4. Discussion


In this paper, we investigate phage Aristophanes isolated on the bacterial lawn of A. baumannii strain with a K26 CPS structure. This phage was shown to be rather unique among all previously described A. baumannii viruses that have been combined into the new family Autographiviridae created in 2019 [43]. According to the results of the genomic and phylogenetic analysis, the phage belongs to the subfamily Beijerinckvirinae comprising the Acinetobacter phages of the genera Friunavirus, Pettyvirus, and Daemvirus. However, while sharing the common features of the above phage genera (e.g., the genomic structure and homologous proteins), phage Aristophanes substantially differs from other Beijerinckvirinae phages in the overall nucleotide similarity. About a quarter of the Aristophanes predicted proteins can be considered as unique ones. These differences in nucleotide composition together with the phylogenetic analysis of the large subunit of terminase suggest the assignment of the phage to a new separate genus of the subfamily Beijerinckvirinae of the family Autographiviridae.



Another distinctive characteristic of Aristophanes is that the phage produces small clear plaques without visible halos on the host bacterial lawn unlike all previously described A. baumannii viruses of the family Autographiviridae. It was shown that the other reported phages of the family form plaques with haloes [6,7,8,10] indicating the presence of structural depolymerases or tailspike proteins with CPS-degrading activity. When infecting bacteria covered with a thick layer of surface polysaccharide phages often use O-polysaccharide or CPS as a primary receptor. Further action usually involves local degradation of polysaccharide using an enzymatic domain within a tailspike protein. A broad variety of such phage structural polysaccharide depolymerases is studied (reviewed in [44,45]). Tailspike of phage Aristophanes (Aristophanes_gp41) was formed by a single protein encoded by the gene located at the end of structural module of the phage genome like in other A. baumannii phages of the family Autographiviridae. The absence of halos surrounding the phage plaques suggested that Aristophanes_gp41 acts in a different way than depolymerases degrading glycosidic linkages in CPSs of host strains. Whereas all reported depolymerases with characterized mechanisms of action encoded in Autographiviridae A. baumannii phage genomes were shown to be specific glycosidases [5,7,46], Aristophanes_gp41 was found to be a deacetylase which caused O-acetylation of one of the host CPS sugar residues. Since the NMR spectra of the CPS before and after O-deacetylation by Aristophanes_gp41 did not differ essentially, O-deacetylation caused no significant CPS structural changes. For this reason, most likely, halos (or areas with decapsulated bacterial cells) are not formed around the phage plaques.



Some phages infecting Enterobacterales were shown to use a strategy of deacetylation of complex carbohydrates [47,48], but this mechanism was never observed for Acinetobacter phages previously. It is not clear how the removal of acetyl groups of carbohydrates promotes the spatial approaching of the phage to bacterial cell wall. However, a crucial role of Aristophanes’ deacetylase in the initial step of the phage–bacterial cell interaction was shown in a set of competition experiments. The phage was unable to infect K26 A. baumannii cells pretreated with purified Aristophanes_gp41 due to the modification of CPS. The presented results indicate that phages may use deacetylation of outer polysaccharides as a universal mechanism of reception.



Discussing the therapeutic potential of phage Aristophanes it is worth to note that the phage specificity to a single capsular type is typical for Acinetobacter phages [7]. Therefore, the elucidation of the applicability of the particular phage species for phage therapy depends on the prevalence of the pathogen with the targeted CPS in each treatment. Despite CPS is considered as an important factor in A. baumannii virulence [49] and biofilm formation [50], no convenient method to determine the K type exists up to date, and no information on abundance of A. baumannii strains with different K types in clinical practice is available. An acceptable solution could be a creation of a phage collection comprising characterized phages infectious to all known K types of A. baumannii. Phage Aristophanes selectively infecting K26 A. baumannii cells using an identified reception mechanism at least could be an integral part of such phage panel.




5. Conclusions


In this study, we present a characterization of the novel A. baumannii phage Aristophanes which can be classified as a representative of a new distinct genus of the Beijerinckvirinae subfamily of the Autographiviridae family according to phylogenetic analysis. This is the first reported A. baumannii virulent phage carrying tailspike deacetylase. Aristophanes_gp41 was found to play a key role in the initial stage of the phage–host interaction. The 1H and 13C NMR spectra of the K26 CPS of A. baumannii KZ1098 before and after cleavage by recombinant deacetylase did not differ essentially (there is an elimination of an O-acetyl group), so O-deacetylation caused no deep structural changes. Detailed characterization of novel A. baumannii lytic phages and their viral–bacterial host interactions provide us better understanding of applying phages in personalized medicine.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/v13091688/s1, Table S1. Functional assignments of Acinetobacter phage Aristophanes genes. Table S2. Average nucleotide identity (ANI) between Acinetobacter phage Aristophanes and all phage genomes deposited in the NCBI GenBank (calculated with orthoANIu, threshold 0.5). Figure S1. VIRIDIC generated heatmap of 85 representatives of all genera of the family Autographiviridae. Figure S2. Best-scoring tree found by maximum likelihood (ML) search with RAxML based on amino acid sequences of terminase large subunit including representatives of all genera of the subfamily Beijerinckvirinae of the family Autographiviridae.





Author Contributions


M.M.S., A.V.P. and K.A.M. designed the experiments; O.Y.T., A.S.S. and M.M.S. performed the experiments; P.V.E. and M.M.S. performed the bioinformatics analysis; Y.V.M. and A.A.S. performed sequencing of phage genome; N.P.A., A.S.D., A.A.K. and Y.A.K. performed sugar analysis and nuclear magnetic resonance spectroscopy experiments; O.S.S. contributed to phage electron microscopy; A.V.P., K.A.M. and O.Y.T. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


The isolation of the phage, genomic analysis, cloning, and purification of deacetylase were supported by Russian Foundation for Basic Research, project number 19-34-90034. Treatment of the A. baumannii K26 CPS by phage deacetylase, isolation, purification, and structure elucidation of the resultant oligosaccharides were supported by Russian Science Foundation, project number 19-14-00273.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Annotated genome of A. baumannii phage Aristophanes was deposited to GenBank under accession number MT783706.




Acknowledgments


We thank Mikhail Edelstein, Ilya Azizov, Alexandr Nemec, Bin Liu, Lei Wang, Johanna Kenyon, Ruth Hall, Raffaele Zarrilli, Veeraraghavan Balaji, and Indranil Biswas for providing A. baumannii strains. Electron microscopy was performed using the Unique equipment setup ‘3D-EMC’ of Moscow State University, Department of Biology. OSS acknowledges support from the Interdisciplinary Scientific and Educational School of Moscow Lomonosov University “Molecular Technologies of the Living Systems and Synthetic Biology”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Santajit, S.; Indrawattana, N. Mechanisms of Antimicrobial Resistance in ESKAPE Pathogens. Biomed. Res. Int. 2016, 2016, 2475067. [Google Scholar] [CrossRef]

	



Peleg, A.Y.; Seifert, H.; Paterson, D.L. Acinetobacter baumannii: Emergence of a Successful Pathogen. Clin. Microbiol. Rev. 2008, 21, 538–582. [Google Scholar] [CrossRef]

	



World Health Organisation. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery and Development of New Antibiotics; WHO Press: Geneva, Switzerland, 2017; Available online: https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf (accessed on 14 July 2021).

	



Oliveira, H.; Costa, A.R.; Ferreira, A.; Konstantinides, N.; Santos, S.B.; Boon, M.; Noben, J.-P.; Lavigne, R.; Azeredo, J. Functional Analysis and Antivirulence Properties of a New Depolymerase from a Myovirus That Infects Acinetobacter baumannii Capsule K45. J. Virol. 2019, 93, e01163-18. [Google Scholar] [CrossRef]

	



Lee, I.-M.; Tu, I.-F.; Yang, F.-L.; Ko, T.-P.; Liao, J.-H.; Lin, N.-T.; Wu, C.-Y.; Ren, C.-T.; Wang, A.H.-J.; Chang, C.-M.; et al. Structural basis for fragmenting the exopolysaccharide of Acinetobacter baumannii by bacteriophage ΦAB6 tailspike protein. Sci. Rep. 2017, 7, 42711. [Google Scholar] [CrossRef]

	



Lai, M.-J.; Chang, K.-C.; Huang, S.-W.; Luo, C.-H.; Chiou, P.-Y.; Wu, C.-C.; Lin, N.-T. The Tail Associated Protein of Acinetobacter baumannii Phage ΦAB6 Is the Host Specificity Determinant Possessing Exopolysaccharide Depolymerase Activity. PLoS ONE 2016, 11, e0153361. [Google Scholar] [CrossRef]

	



Popova, A.V.; Shneider, M.M.; Arbatsky, N.P.; Kasimova, A.A.; Senchenkova, S.N.; Shashkov, A.S.; Dmitrenok, A.S.; Chizhov, A.O.; Mikhailova, Y.V.; Shagin, D.A.; et al. Specific Interaction of Novel Friunavirus Phages Encoding Tailspike Depolymerases with Corresponding Acinetobacter baumannii Capsular Types. J. Virol. 2021, 95, e01714-20. [Google Scholar] [CrossRef]

	



Popova, A.V.; Lavysh, D.G.; Klimuk, E.I.; Edelstein, M.V.; Bogun, A.G.; Shneider, M.M.; Goncharov, A.; Leonov, S.; Severinov, K.V. Novel Fri1-like Viruses Infecting Acinetobacter baumannii—vB_AbaP_AS11 and vB_AbaP_AS12—Characterization, Comparative Genomic Analysis, and Host-Recognition Strategy. Viruses 2017, 9, 188. [Google Scholar] [CrossRef]

	



Popova, A.V.; Shneider, M.M.; Myakinina, V.P.; Bannov, V.A.; Edelstein, M.V.; Rubalskii, E.; Aleshkin, A.; Fursova, N.K.; Volozhantsev, N.V. Characterization of myophage AM24 infecting Acinetobacter baumannii of the K9 capsular type. Arch. Virol. 2019, 164, 1493–1497. [Google Scholar] [CrossRef]

	



Oliveira, H.; Costa, A.R.; Konstantinides, N.; Ferreira, A.; Akturk, E.; Sillankorva, S.; Nemec, A.; Shneider, M.; Dötsch, A.; Azeredo, J. Ability of phages to infect Acinetobacter calcoaceticus—Acinetobacter baumannii complex species through acquisition of different pectate lyase depolymerase domains. Environ. Microbiol. 2017, 19, 5060–5077. [Google Scholar] [CrossRef]

	



Shchurova, A.; Shneider, M.; Arbatsky, N.; Shashkov, A.; Chizhov, A.; Skryabin, Y.; Mikhaylova, Y.; Sokolova, O.; Shelenkov, A.; Miroshnikov, K.; et al. Novel Acinetobacter baumannii Myovirus TaPaz Encoding Two Tailspike Depolymerases: Characterization and Host-Recognition Strategy. Viruses 2021, 13, 978. [Google Scholar] [CrossRef]

	



Popova, A.V.; Shneider, M.M.; Mikhailova, Y.V.; Shelenkov, A.A.; Shagin, D.A.; Edelstein, M.V.; Kozlov, R.S. Complete Genome Sequence of Acinetobacter baumannii Phage BS46. Microbiol. Resour. Announc. 2020, 9, e00398-20. [Google Scholar] [CrossRef]

	



SNPT. Available online: https://snpt.antibiotic.ru/ (accessed on 22 June 2021).

	



Brenner, S.; Horne, R. A negative staining method for high resolution electron microscopy of viruses. Biochim. Biophys. Acta 1959, 34, 103–110. [Google Scholar] [CrossRef]

	



Adams, M.D. Bacteriophages; Interscience Publishers, Inc.: New York, NY, USA, 1959; OCLC 326505. [Google Scholar]

	



Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1989; ISBN 0-87969-309-6. [Google Scholar]

	



Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.; Dvorkin, M.; Kulikov, A.; Lesin, V.M.; Nikolenko, S.; Pham, S.; Prjibelski, A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012, 19, 455–477. [Google Scholar] [CrossRef]

	



Hyatt, D.; Chen, G.-L.; Locascio, P.F.; Land, M.L.; Larimer, F.W.; Hauser, L.J. Prodigal: Prokaryotic gene recognition and translation initiation site identification. BMC Bioinform. 2010, 11, 119. [Google Scholar] [CrossRef]

	



Besemer, J. GeneMarkS: A self-training method for prediction of gene starts in microbial genomes. Implications for finding sequence motifs in regulatory regions. Nucleic Acids Res. 2001, 29, 2607–2618. [Google Scholar] [CrossRef]

	



Delcher, A.L. Improved microbial gene identification with GLIMMER. Nucleic Acids Res. 1999, 27, 4636–4641. [Google Scholar] [CrossRef]

	



Söding, J.; Biegert, A.; Lupas, A.N. The HHpred interactive server for protein homology detection and structure prediction. Nucleic Acids Res. 2005, 33, W244–W248. [Google Scholar] [CrossRef]

	



Schattner, P.; Brooks, A.N.; Lowe, T.M. The tRNAscan-SE, snoscan and snoGPS web servers for the detection of tRNAs and snoRNAs. Nucleic Acids Res. 2005, 33, W686–W689. [Google Scholar] [CrossRef]

	



Laslett, D. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide sequences. Nucleic Acids Res. 2004, 32, 11–16. [Google Scholar] [CrossRef]

	



Liu, B.; Zheng, D.; Jin, Q.; Chen, L.; Yang, J. VFDB 2019: A comparative pathogenomic platform with an interactive web interface. Nucleic Acids Res. 2018, 47, D687–D692. [Google Scholar] [CrossRef]

	



Katoh, K. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 2002, 30, 3059–3066. [Google Scholar] [CrossRef]

	



Kumar, S.; Tamura, K.; Nei, M. MEGA: Molecular Evolutionary Genetics Analysis software for microcomputers. Bioinformatics 1994, 10, 189–191. [Google Scholar] [CrossRef]

	



Stamatakis, A. RAxML-VI-HPC: Maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics 2006, 22, 2688–2690. [Google Scholar] [CrossRef]

	



Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014, 30, 1312–1313. [Google Scholar] [CrossRef]

	



Le, Q.; Gascuel, O. An Improved General Amino Acid Replacement Matrix. Mol. Biol. Evol. 2008, 25, 1307–1320. [Google Scholar] [CrossRef]

	



Huelsenbeck, J.P.; Ronquist, F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 2001, 17, 754–755. [Google Scholar] [CrossRef]

	



Ronquist, F.; Huelsenbeck, J.P. MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 2003, 19, 1572–1574. [Google Scholar] [CrossRef]

	



Lee, I.; Kim, Y.O.; Park, S.-C.; Chun, J. OrthoANI: An improved algorithm and software for calculating average nucleotide identity. Int. J. Syst. Evol. Microbiol. 2016, 66, 1100–1103. [Google Scholar] [CrossRef]

	



Moraru, C.; Varsani, A.; Kropinski, A. VIRIDIC—A Novel Tool to Calculate the Intergenomic Similarities of Prokaryote-Infecting Viruses. Viruses 2020, 12, 1268. [Google Scholar] [CrossRef]

	



Sullivan, M.J.; Petty, N.; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics 2011, 27, 1009–1010. [Google Scholar] [CrossRef]

	



Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.; Sternberg, M.J.E. The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 2015, 10, 845–858. [Google Scholar] [CrossRef]

	



Taylor, N.M.I.; Prokhorov, N.; Guerrero-Ferreira, R.; Shneider, M.M.; Browning, C.; Goldie, K.N.; Stahlberg, H.; Leiman, P. Structure of the T4 baseplate and its function in triggering sheath contraction. Nature 2016, 533, 346–352. [Google Scholar] [CrossRef] [PubMed]

	



Westphal, O.; Jann, K. Bacterial Lipopolysaccharides Extraction with Phenol-Water and Further Applications of the Procedure. Methods Methods Carbohydr. Chem. 1965, 5, 83–91. [Google Scholar]

	



Kenyon, J.J.; Kasimova, A.A.; Shneider, M.M.; Shashkov, A.S.; Arbatsky, N.P.; Popova, A.V.; Miroshnikov, K.; Hall, R.M.; A Knirel, Y. The KL24 gene cluster and a genomic island encoding a Wzy polymerase contribute genes needed for synthesis of the K24 capsular polysaccharide by the multiply antibiotic resistant Acinetobacter baumannii isolate RCH51. Microbiology 2017, 163, 355–363. [Google Scholar] [CrossRef]

	



Orlov, M.A.; Sorokin, A.A. DNA sequence, physics, and promoter function: Analysis of high-throughput data On T7 promoter variants activity. J. Bioinform. Comput. Biol. 2020, 18, 2040001. [Google Scholar] [CrossRef]

	



Pajunen, M.I.; Kiljunen, S.J.; Soöderholm, M.E.-L.; Skurnik, M. Complete Genomic Sequence of the Lytic Bacteriophage φYeO3-12 of Yersinia enterocolitica Serotype O:3. J. Bacteriol. 2001, 183, 1928–1937. [Google Scholar] [CrossRef]

	



Evseev, P.; Lukianova, A.; Shneider, M.; Korzhenkov, A.; Bugaeva, E.; Kabanova, A.; Miroshnikov, K.; Kulikov, E.; Toshchakov, S.; Ignatov, A.; et al. Origin and Evolution of Studiervirinae Bacteriophages Infecting Pectobacterium: Horizontal Transfer Assists Adaptation to New Niches. Microorganisms 2020, 8, 1707. [Google Scholar] [CrossRef]

	



Smith, K.C.; Castro-Nallar, E.; Fisher, J.N.; Breakwell, D.P.; Grose, J.H.; Burnett, S.H. Phage cluster relationships identified through single gene analysis. BMC Genom. 2013, 14, 410. [Google Scholar] [CrossRef]

	



Adriaenssens, E.M.; Sullivan, M.B.; Knezevic, P.; van Zyl, L.J.; Sarkar, B.L.; Dutilh, B.E.; Alfenas-Zerbini, P.; Łobocka, M.; Tong, Y.; Brister, J.R.; et al. Taxonomy of prokaryotic viruses: 2018-2019 update from the ICTV Bacterial and Archaeal Viruses Subcommittee. Arch. Virol. 2020, 165, 1253–1260. [Google Scholar] [CrossRef]

	



Pires, D.P.; Oliveira, H.; Melo, L.; Sillankorva, S.; Azeredo, J. Bacteriophage-encoded depolymerases: Their diversity and biotechnological applications. Appl. Microbiol. Biotechnol. 2016, 100, 2141–2151. [Google Scholar] [CrossRef]

	



Knecht, L.E.; Veljkovic, M.; Fieseler, L. Diversity and Function of Phage Encoded Depolymerases. Front. Microbiol. 2020, 10, 2949. [Google Scholar] [CrossRef] [PubMed]

	



Knirel, Y.A.; Shneider, M.M.; Popova, A.V.; Kasimova, A.A.; Senchenkova, S.N.; Shashkov, A.S.; Chizhov, A.O. Mechanisms of Acinetobacter baumannii Capsular Polysaccharide Cleavage by Phage Depolymerases. Biochemistry 2020, 85, 567–574. [Google Scholar] [CrossRef] [PubMed]

	



Prokhorov, N.; Riccio, C.; Zdorovenko, E.L.; Shneider, M.M.; Browning, C.; Knirel, Y.A.; Leiman, P.G.; Letarov, A.V. Function of bacteriophage G7C esterase tailspike in host cell adsorption. Mol. Microbiol. 2017, 105, 385–398. [Google Scholar] [CrossRef] [PubMed]

	



Lukianova, A.; Shneider, M.M.; Evseev, P.; Shpirt, A.M.; Bugaeva, E.N.; Kabanova, A.P.; Obraztsova, E.A.; Miroshnikov, K.K.; Senchenkova, S.N.; Shashkov, A.S.; et al. Morphologically Different Pectobacterium brasiliense Bacteriophages PP99 and PP101: Deacetylation of O-Polysaccharide by the Tail Spike Protein of Phage PP99 Accompanies the Infection. Front. Microbiol. 2020, 10, 3147. [Google Scholar] [CrossRef] [PubMed]

	



Morris, F.; Dexter, C.; Kostoulias, X.; Uddin, M.I.; Peleg, A.Y. The Mechanisms of Disease Caused by Acinetobacter baumannii. Front. Microbiol. 2019, 10, 1601. [Google Scholar] [CrossRef] [PubMed]

	



Geisinger, E.; Huo, W.; Hernandez-Bird, J.; Isberg, R.R. Acinetobacter baumannii: Envelope Determinants That Control Drug Resistance, Virulence, and Surface Variability. Annu. Rev. Microbiol. 2019, 73, 481–506. [Google Scholar] [CrossRef]








[image: Viruses 13 01688 g001 550] 





Figure 1. Morphological characteristics of phage Aristophanes. (A) Phage plaques on A. baumannii KZ1098. (B) Transmission electron micrographs of the phage particles. Staining with 1% uranyl acetate. The scale bar is 50 nm. 
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Figure 2. Infection analysis of phage Aristophanes. Adsorption assay (A) and one-step growth curve (B) of phage Aristophanes on A. baumannii KZ1098 with the indication of estimated latent period (L) and burst size (BS). Results are the means and standard deviations from three independent experiments. PFU: plaque-forming units. 
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Figure 3. Genetic map of Acinetobacter phage Aristophanes. Upper picture: the basic scheme of the genome. Lower picture: the genetic map and putative functions of genes (Table S1). 
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Figure 4. Genome sequence comparison among five Autographiviridae genomes exhibiting co-linearity detected by TBLASTX. The percentage of sequence similarity is indicated by the intensity of the grey colour. Vertical blocks between analysed sequences indicate regions with at least 20% similarity. Genes’ names are as follows: MCP, major capsid protein; DNAP, DNA-polymerase; RNAP, DNA-dependent RNA-polymerase; TerL, large subunit of terminase; TSP, tailspike protein; YMC11_06, abbreviated name of Pseudomonas phage YMC11/06/C171_PPU_BP. 
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Figure 5. Phylogenetic tree obtained with MrBayes, based on amino acid sequences of terminase large subunit including representatives of all genera of the subfamily Beijerinckvirinae of the family Autographiviridae. Taxonomic classification is shown to the right of the organism name. Bayesian posterior probabilities are indicated above their branch. The scale bar shows 0.2 estimated substitutions per site and the tree was rooted to Cyprinid herpesvirus 3; 2,100,000 generations sampled every 200 generations, with burn-in length of 100,000 and an average standard deviation of split frequencies of 0.010. 
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Figure 6. (A) Schematic representation of the Acinetobacter phage Aristophanes tailspike protein obtained with BLAST search and HMM analysis. (B) 3D structure homology modelling of the SGNH-hydrolase domain-containing region of the Acinetobacter phage Aristophanes tailspike protein obtained with HHpred. Five parallel β-sheets intrinsic for all SGNH-hydrolases are colored purple, other β-sheets are colored green and the α-helices are colored orange. The model is made using the PDB structure 4K7J of peptidoglycan O-acetylesterase belonging to SGNH-family. (C) Phage Aristophanes infection inhibition by Aristophanes_gp41. From left to right, phage titers observed on the bacterial lawns after the treatment of A. baumannii KZ1098 cells with phage Aristophanes only, after cell cultures preincubated with purified Aristophanes_gp41, and BSA (as a negative control), followed by phage Aristophanes treatment. P: p-value, ns: not significant. 
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Figure 7. (A) Structures of the CPS of A. baumannii KZ1098 before and after O-deacetylation. (B) Parts of 1H NMR spectra of the A. baumannii KZ1098 CPS before and after O-deacetylation (MPS). 
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