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Abstract

:

Infections with the opportunistic Gram-negative bacterium Acinetobacter baumannii pose a serious threat today, which is aggravated by the growing problem of multi-drug resistance among bacteria, caused by the overuse of antibiotics. Treatment of infections caused by antibiotic-resistant A. baumannii strains with the use of phage therapy is not only a promising alternative, but sometimes the only option. Therefore, phages specific for clinical multi-drug resistant A. baumannii were searched for in environmental, municipal, and hospital wastewater samples collected from different locations in Poland. The conducted research allowed us to determine the biological properties and morphology of the tested phages. As a result of our research, 12 phages specific for A. baumannii, 11 of which turned out to be temperate and only one lytic, were isolated. Their lytic spectra ranged from 11 to 75%. The plaques formed by most phages were small and transparent, while one of them formed relatively large plaques with a clearly marked ‘halo’ effect. Based on Transmission Electron Microscopy (TEM), most of our phages have been classified as siphoviruses (only one phage was classified as a podovirus). All phages have icosahedral capsid symmetry, and 11 of them have a long tail. Optimal multiplicity of infections (MOIs) and the adsorption rate were also determined. MOI values varied depending on the phage—from 0.001 to 10. Based on similarities to known bacteriophages, our A. baumannii-specific phages have been proposed to belong to the Beijerinckvirinae and Junivirinae subfamilies. This study provides an additional tool in the fight against this important pathogen and may boost the interest in phage therapy as an alternative and supplement to the current antibiotics.
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1. Introduction


Acinetobacter baumannii is an opportunistic species of Gram-negative bacteria. It poses a serious threat to people staying in hospital wards, especially intensive care units (ICU), as well as people with immunodeficiency [1]. A. baumannii is one of the six microorganisms that form the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas aeruginosa, Enterobacter spp.). These bacteria pose a serious threat both to human health and life due to their growing resistance to commonly used antibiotics. Moreover, the current Centers for Disease Control and Prevention (CDC) report documents a 78% increase in carbapenem-resistant Acinetobacter infections [2]. In recent years, the World Health Organization (WHO) has issued reports in which A. baumannii has been classified as a critical priority in multi-drug resistant (MDR) bacteria, which may be resistant to third generation cephalosporins and carbapenems, as well as other currently used antibiotics. Genomic analysis of sewage collected from 101 countries around the world (757 sewage samples from 243 cities) in 2016–2019 also confirmed that the problem of transferring antibiotic resistance genes affects the whole world, which poses a threat both to the health and life of animals and humans [3]. The reports noted that the search for new antibiotics against these bacteria should be a priority in today’s research [4,5,6].



Researchers have even distinguished a clear division between antibiotic-resistant strains of A. baumannii: ‘XDR’, which are strains resistant to all antibiotics except colistin or tigecycline; ‘MDR’, which are multi-drug resistant or resistant to three or more of the classes of ampicillin-sulbactam, aminoglycoside, antipseudomonal cephalosporin, antipseudomonal carbapenem, fluoroquinolone; and ‘CR’, which are strains resistant to carbapenems, including imipenem and meropenem [7,8].



A. baumannii strains can cause various infections, including wound, skin, and soft tissue infections; urinary tract infections; pneumonia; bacteremia; meningitis; and endocarditis [9,10,11]. Among nosocomial infections caused by A. baumannii, pneumonia ranks first and mainly affects patients in the ICU. The mortality rate of such infections can be as high as 70% [12,13]. In addition, A. baumannii strains are a serious problem in the treatment of burns. Important factors during therapy are the high percentage of MDR A. baumannii and the insufficient penetration of antibiotics into damaged tissues, which causes major problems in achieving satisfactory treatment results [14,15,16,17]. Burn infections by A. baumannii affects as much as 22% of cases and are most common among military personnel, where the percentage of MDR A. baumannii strains reaches up to 53% [18]. Mortality associated with bloodstream infections with this bacterium ranges from 28 to 43% [19]. Interestingly, strains of A. baumannii can infect the central nervous system (CNS) and colistin is used to treat these infections [20]. The difficulty in combating infections caused by A. baumannii, especially antibiotic-resistant strains, is their ability to survive in the harsh conditions of the external environment, which leads to their increased spread. The extensive use of beta-lactam antibiotics has also contributed to an increase in this phenomenon, necessitating the use of carbapenems in such cases [21], to which resistance has also developed.



In recent years, the interest in phage therapy in the fight against infections caused by A. baumannii has increased [22,23]. It has been indicated that A. baumannii-specific phages have a high potential to combat bacterial biofilm [24]. Interesting results were obtained by Grygorcewicz et al. (2020) where the AGC01 phage isolated from a fishery pond sample was characterized [25]. Incubation of A. baumannii biofilm in the presence of a phage resulted in a reduction of the biomass of the phage sensitive strain AGC01 by about 13%. The results of research on the synergistic effect of phages and antibiotics showed that the best effect was obtained when the phage was combined with ciprofloxacin and meropenem. Other recent studies also point to the combination of phages and ceftazidime being the most effective treatment for bacteremia in mice [26]. Another study using a mouse model of extensively drug-resistant A. baumannii bacteremia showed that the using of the φkm18p phage has a positive effect on the survival of mice. In addition, in the group of mice treated with phages, low levels of inflammatory cytokines were observed [27].



In particular, in the era of COVID-19, the overuse of antibiotics caused an increase in observed antimicrobial resistance (AMR) [2]. Interestingly, phages specific for A. baumannii can be used in respiratory infections. During the outbreak of the COVID-19 pandemic, a group of researchers treated four patients with critical COVID-19 complicated by pneumonia caused by carbapenem-resistant strains of A. baumannii. They were given additional treatment in the form of phage therapy, which brought positive results in the case of two patients who were discharged home [28]. Other studies on the effectiveness of phage therapy in the treatment of respiratory infections with the clinical isolate A. baumannii RUH 2037 in a mouse model and in a human lung tissue model showed that mice, after a single intratracheal administration of the lytic phage vB_AbaM_Acibel004, recovered faster than untreated mice and had a lower bacterial burden in the lungs. The bactericidal effect of the purified phage on A. baumannii after a single dose was also confirmed in an ex vivo human lung infection model [29]. In 2021, a paper was published presenting the results of phage therapy along with antibiotic therapy in an 88-year-old man who was diagnosed with nosocomial pneumonia caused by carbapenem-resistant A. baumannii. The patient was administered a vibrating mesh nebulizer with a personalized specific phage preparation containing the Ab_SZ3 phage for 16 days. Phage therapy was combined with the administration of tigecycline and polymyxin E. This therapy led to improvement in clinical lung function and the removal of the pathogen from the patient’s lungs [30].



It is worth noting that various novel treatment strategies, other than phage therapy, have been recently described that are proposed to combat serious infections. Allemailem et al. (2021) compared the effects of thymoquinone-loaded liposomes and standard antibiotic amoxicillin against drug-sensitive and drug-resistant strains of A. baumannii [31]. Interestingly, their results indicate that it is an effective therapeutic formulation in the treatment of infections caused by both types of A. baumannii strains. Recent reports also show the efficacy of liposome-based nanovaccine bearing glycosphingolipids from Sphingomonas paucimobilis against murine pneumonia associated with A. baumannii [32].



In the era of antibiotic resistance, the development of new therapeutic strategies is extremely important. The given examples are quite promising when it comes to phage therapy, especially if the fight against infections caused by MDR strains of A. baumannii is considered. Developing research on phages specific for A. baumannii strains in the future may lead to the development of an effective therapy against such dangerous infections today.




2. Materials and Methods


2.1. Bacterial Strains


For the study, 137 strains belonging to Acinetobacter spp. (A. ursingii n = 1, A. pitti n = 2, A. johnsonii n = 2, and A. baumannii n = 132) and six other Gram-negative strains were used. Bacterial strains were collected from medical environments, thanks to cooperation with hospitals: Regional Specialist Hospital in Wroclaw, University Clinical Hospital in Wroclaw, Military Hospital with Polyclinic in Wroclaw, and Pomeranian Medical University in Szczecin, as well as from the collection of the Bacteriophage Laboratory in the years 2018–2022. Most of the strains showed the resistance to the currently used antibiotics. The species affiliation was determined by matrix-assisted laser desorption/ionization—time of flight (MALDI-TOF/TOF) mass spectrometry (Bruker Daltonics, Billerica, MA, USA). Antibiotic susceptibility was determined by the MicroScan WalkAway analyzer (Beckman Coulter, Brea, CA, USA). All bacterial strains were stored at −70 °C in 25% glycerol. After thawing, the strains were cultured on plates with McConkey agar (peptone 17 g, proteose peptone 3 g, lactose 10 g, bile salts 1.5 g, sodium chloride 5 g, neutral red 0.03 g, crystal violet 0.001 g, agar 13.5 g, water—added to make 1 liter; and pH adjusted to 7.1 +/− 0.2 sodium taurocholate) at 37 °C for 12 h.




2.2. Search, Isolation, and Amplification of Bacteriophages


To isolate of bacteriophages specific for A. baumannii, 460 samples of water were used (flowing and standing water, water from ponds, rivers, and seas, as well as municipal and hospital wastewater). These samples belonged to the collection of the Hirszfeld Institute of Immunology and Experimental Therapy, Polish Academy of Sciences (HIIET PAS). Liquid samples used for phage screening were stored as samples incubated with peptone water at 37 °C, raw samples, or 20 times concentrated samples (using tangential filtration with the use of a Vivaflow 200 ultrafiltration kit with a Hydrosart membrane and a MWCO 30 kDa operating at a pressure of 3 bar).



The search for bacteriophages was carried out in accordance with the procedure proposed by Ślopek et al. (1984) [33] and is described by Cieślik et al. (2022) [34]. Single colonies of the appropriate bacterial strain were suspended in sugar broth (per 1000 mL of water: meat extract 0.40 g, yeast hydrolysate 1.70 g, NaCl 3.50 g, Bacto Peptone 4.00 g, enzymatic hydrolysate of casein 5.40 g, glucose 10.00 g) and then incubated at 37 °C for 2 h until the optical density at a wavelength of 600 nm (OD600) gained in the range of 0.4–0.6 measured spectrophotometrically (BioSpectrometer basic, Eppendorf, Hamburg, Germany). This value corresponds to the logarithmic growth phase of the tested bacteria.



Liquid bacterial cultures were poured onto solid agar plates Tryptone lab-agar ™ (BioMaxima, Lublin, Poland) (per 1000 mL of water: meat extract 3.00 g, Na2HPO4 3.00 g, NaCl 5.00 g, tryptone 10.00 g, agar 12.00 g). The collected water samples were applied to the dried plates then incubated at 37 °C overnight and the results were read the next day. Lysis or single plaques on the bacterial lawn surface were considered to be positive results, indicating the probable presence of a phage in the sample. In order to isolate the phage, 200 µL of a 2-h bacterial culture was suspended in 10 mL of peptone water (per 1000 mL of water: meat extract 0.40 g, yeast hydrolysate 1.70 g, NaCl 3.50 g, Bacto Peptone 4.00 g enzymatic hydrolyzate of casein 5.40 g), then 200 µL of a positive water sample was added, mixed, and incubated overnight at 37 °C. After incubation, samples were filtered using syringe filters (with a pore diameter of 0.22 µm, Millipore, Burlington, MA, USA) and Routine Test Dilution (RTD) was performed. For this purpose, serial dilutions of the filtered samples (100–10−8) were prepared, and 50 µL of each dilution was applied to pre-prepared plates with a bacterial lawn on the solidified agar surface. The plates were pre-dried at room temperature and then incubated overnight at 37 °C. After incubation, the number of plaques formed at the point of the dilution spot was counted. To determine the titer of the obtained phages, the double-layer agar method was performed [35,36]. For this, 100 µL of a culture of the appropriate bacterial strain and 200 µL of an appropriate phage dilution were added to 2 mL of melted 0.7% agar. The agar with bacteria and phages was mixed and poured onto a solid agar plate. Plates were left for a few minutes at room temperature, incubated overnight at 37 °C, and the titer of bacteriophages was subsequently calculated.




2.3. Lytic Spectrum of Examined Phages


In order to determine the lytic spectrum of bacteriophages, 50 µL of the phage (phage titer ~107 PFU/mL (plaque forming unit per milliliter)) was spotted on a plate with the bacterial lawn of the selected bacterial strain previously identified as Acinetobacter. The prepared plates were left for a few minutes at room temperature and then incubated at 37 °C overnight. The results were assessed the next day according to the signs: ‘CL’ confluent lysis, ‘SCL’ semiconfluent lysis, ‘OL’ opaque lysis, ‘+++’ confluent plaques >60, ‘++’ 20-60 separate plaques, ‘+’ 10–20 separate plaques, and ‘+/−‘ single plaques. Additionally, species specificity of the obtained phages was performed on strains other than those belonging to Acinetobacter spp.: P. aeruginosa (n = 2), K. pneumoniae (n = 1), Escherichia coli (n = 2), and E. cloacae (n = 1).




2.4. Multiplicity of Infection (MOI)


To determine the best parameters that may be obtained during phage amplification, the multiplicity of infection (MOI) was determined for each phage individually. At first, the curves of growth indicating the dependence of the OD600 value on the titer of bacteria (phage hosts) were prepared. The previously prepared liquid bacterial culture was diluted 2, 3, 4, 5, 8, and 10-fold. The OD600 of the starting sample and of each dilution were measured. Then serial dilutions of each tested sample were made, spotted, and spread on the surface of the agar plate. The plates were incubated overnight at 37 °C. The next day, bacterial colonies were counted, and the titer of the bacterial culture was calculated. On the basis of the obtained data, plots of the dependence of the OD600 value on the bacterial titer were prepared.



In the next step, a 2-h bacterial culture was prepared, its optical density (OD600) was measured spectrophotometrically, and the bacterial titer was calculated on the basis of the previously prepared graphs. The bacterial liquid culture was diluted to a value of ~105 CFU/mL (colony forming unit per milliliter) and then 200 µL of the diluted bacteria was added to 10 mL of peptone water. The obtained suspension was then incubated for 1 h at 37 °C. Phage dilutions were prepared (102, 103, 104, 105, 106, and 107 PFU/mL) and then 200 µL of each dilution was added to the bacteria (samples with MOI of 0.001, 0.01, 0.1, 1, 10, and 100 were obtained). The samples were incubated overnight at 37 °C and the next day they were filtered, and the phage titer was determined.




2.5. Phage Adsorption to Host Bacterial Cells


In order to determine phage adsorption constant and assess the phage adsorption kinetics to bacterial cells, the previously described procedures were used with some modifications [34,37]. In brief, the same volumes of phage lysate and 2-h bacterial suspension (10 mL of each) were mixed at MOI = 0.1 (106 PFU/mL and 107 CFU/mL, respectively). Immediately after mixing and after specific incubation intervals (1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, 17.5, and 20 min) at 37 °C, 1 mL of the sample was taken and filtered. The number of free, non-adsorbed phage particles was determine using the RTD method in triplicate. The number of phages immediately after mixing with the bacterial suspension was considered to be 100% of free phage particles; the other titers were compared to this value. The adsorption rate constants were determined according to Equation (1):


  k =   2.3   B t   l o g   P  0     P   



(1)




where: k—adsorption rate constant (mL/min); B—concentration of bacterial cells; t—time interval in which the phage titer falls from P0 (original titer) to P (final titer) [37].




2.6. Transmission Electron Microscopy (TEM)


To check the phage homogeneity in each lysate (whether morphologically homogeneous phages are present) and to assess the morphology and ultrastructure of the obtained phages, the filtered phage lysates in a LB (Luria–Bertani) medium with a titer of 107–108 PFU/mL were prepared for Transmission Electron Microscopy (TEM). The samples were subjected to ultracentrifugation (1 h, 7 °C, 25,000 g), the supernatant was removed, which was followed by 0.1 M ammonium acetate (C₂H₇NO₂) being added and centrifuged again with the same parameters as above. Then, on a 400-mesh copper grid (Athene), a single drop of phage lysate was applied, a contrast in the form of 2% uranyl acetate was added and dried, and the preparation was analyzed using the Zeiss EM900 TEM (at an acceleration voltage 80 kV). Phage photos were obtained using Kodak/Carestream Electron Microscope Film 4489. On the basis of the obtained results, the dimensions and morphology of the examined bacteriophages were determined.




2.7. Isolation and Sequencing of Phage DNA


The Genomic Mini AX Phage kit (A&A Biotechnology, Gdansk, Poland) was used to purify and isolate phage DNA from phage lysates with a titer of 107–108 PFU/mL. Phage genomes’ sequencing was outsourced (Biobank Lodz) and Illumina technology was used (Nextera XT DNA Library Preparation, 2 × 250 bp). All phages were subjected to the same general pipeline. Quality assessment was done with the Trimmomatic software [38]. Reads passing the quality check were used by SPAdes software (3.12) to assemble reads into contigs and scaffolds [39,40,41,42,43]. Due to highly fragmented contigs (many repeating sequences in a sample), we first randomly selected enough paired reads to achieve average coverage for contigs with the highest coverage of 6–14 times. Then, such contigs were used as trusted contigs to assemble phage genomes with 20–80 times more paired reads. Assembly artifacts were checked and removed if recognized as bacterial contamination. This allowed one dominant scaffold to be assembled that relates to other phages and this was used as a partial genome for further analysis. BLASTn (megablast) was used to evaluate similarity to Prokaryotic and phage genomes in currently existing databases.



Genome annotations were performed with the Prokka software using Prokaryotic databases [44,45]. We then used a feature of the Genious software (that uses blastn) to improve ORF’s description with the help of genomes of Acinetobacter phages that were already accessible (NCBI, ENA, and DDBJ). Then, the most informative description of ORF’s confirmed in this manner was chosen. Such annotated genomes are published as partial genomes through the BankIt software to the NCBI database. GenBank accession numbers for nucleotide sequences are as follows: Acba_1—OQ101250, Acba_3—OQ101248, Acba_4—OQ101249, Acba_6—OQ101251, Aclw_8—OQ101252, Aclw_9—OQ101253, Acba_11—OQ101254, Acba_13—OQ101255, Acba_14—OQ101256, Acba_15—OQ101257, Acba_16—OQ101258, Acba_18—OQ101259.




2.8. Phylogenetic Tree


First, we downloaded phage genomes analyzed in a recent Acinetobacter phage analysis [46]. Then, we extracted ORF’s that represented major capsid proteins—more precisely ORF’s annotated as major capsid proteins or main capsid proteins. If there were no ORF’s annotated as capsid proteins, we used ones that map to other major capsid proteins present in this analysis. The phylogenetic tree was then calculated by the Genious Prime 2022.1.1 software using the Genious Tree Builder—Tamura-Nei genetic distance model and Neighbour-Joining tree build with method with a 65% similarity matrix as the cost matrix.





3. Results


3.1. Bacterial Strains Used in the Study


Among the 137 tested strains of Acinetobacter spp. used for phage screening, the sources of isolation were: the respiratory tract (49%), urinary tract (23%), infected skin/soft tissues (8%), and blood (4%). Most strains were resistant to currently used antibiotics such as ciprofloxacin, levofloxacin, trimethoprim/sulfamethoxazole, amikacin, gentamicin, netilmicin, tobramycin, tigecycline, colistin, imipenem, or meropenem. A. baumannii strains showed the lowest resistance to colistin, however, among all tested strains, six of them were resistant to all the above-mentioned antibiotics. Among the tested strains, apart from Acinetobacter spp. strains, other strains of Gram-negative bacteria were used to study the phage species specificity: P. aeruginosa (n = 2), K. pneumoniae (n = 1), E. coli (n = 2), E. cloacae (n = 1). The list of strains is presented in Table 1, showing the source of strain isolation and their sensitivity to A. baumannii-specific phages.




3.2. Bacteriophages


3.2.1. General Characteristics


During the tests using liquid samples, a total of 18 bacteriophages specific for A. baumannii strains were obtained; however, genetic studies revealed that out of all 18 bacteriophages, 12 are individual phages that could have been used in further research (Table 2). Six of them were previously deposited in the collection of the Bacteriophage Laboratory (2007–2015).




3.2.2. Morphology and Dimensions of Phages and Their Plaques


Nine out of 12 phages formed small transparent plaques 0.5–1 mm in diameter, Aclw_8 and Aclw_9 formed small transparent plaques ~0.5 mm in diameter, and Acba_6 phages formed transparent plaques 3–4 mm in diameter with a clearly visible ‘halo’ effect. Images of plaques of selected phages are shown in the Figure 1, while pictures from the TEM are shown in Figure 2. The photos presenting plaque morphology and electron micrographs of the remaining phages are included in the Supplementary Materials (Figures S1 and S2). Electronograms obtained with the use of TEM allowed to visualize the virion morphology. All phages have icosahedral capsid symmetry, and all phages except Acba_6 have a long tail. For phages Aclw_8, Aclw_9, Acba_11, Acba_13, Acba_16, and Acba_18, transverse rings along the tail are visible (Figure 2, Supplementary Figure S2). Phage virion measurements were made on the basis of electron micrographs; total dimension, capsid length, capsid width, capsid diagonal, tail length, and tail width were determined (Table 3). The total dimension for 11 out of 12 phages was ~300 nm, while for the Acba_6 phage this dimension was 56.9 nm (Table 3).





3.3. Investigating the Best MOI to Optimize Phage Amplification


Different ratios of phage titer to bacterial titer (MOI) were studied to optimize bacteriophage amplification. Our research revealed that the tested Acinetobacter phages amplified optimally at different MOIs. During the study of the best MOI, the bacterial titer in each case was the same and was 105 CFU/mL. The obtained results that lead to individual phages obtaining the highest titer are shown in the Table 4.




3.4. Phage Adsorption to Bacterial Cells


As a result of studies on the infection of bacterial hosts with individual phages, the level of adsorption of phage particles to bacterial cells at MOI = 0.1 at 37 °C was between 38% (for Aclw_9 phage and A. baumannii 703 strain) and 82% (for Acba_6 phage and their host A. baumannii 3940). The time required to adsorb the largest number of phage particles also differed in individual cases and ranged from 3 min for Acba_15 phage and 4 min for both Aclw_9 and Acba_16 phages, to 17.5 min for Acba_3 and Acba_4 bacteriophages. A graph showing an example of the kinetics of Acba_6 phage adsorption to their bacterial hosts (A. baumannii 3940) is shown in Figure 3. The calculated adsorption rate constants for each phage are presented in Table 5.




3.5. Genome Sequencing


We present the genomes of 12 new Acinetobacter phages (Table 6). All phages were sequenced with Illumina technology and assembled into contigs from reads passing through a quality check (see Materials and Methods for details). Phages Acba_3, Acba_4, Acba_6, Aclw_9, Acba_11, Acba_13, Acba_14, Acba_15, and Acba_18 assembled into gapless scaffolds, phages Acba_1, Aclw_8, and Acba_16 contain assembly gaps. Researched Acinetobacter phages were annotated by Prokka, BLAST, and Geneious2022 software (see Section 2 for details). We determined between 53 (Aclw_9) to 96 (Acba_11) ORF’s per phage. Proteins not described as ’hypothetical proteins’ account for between 41% (Aclw_9) to 65% (Acba_6) of ORFs (Table 6). No tRNA’s coding sequences were detected (as determined by ARAGON as part of the Prokka software).



All phages except Acba_6 (which we will describe separately) show varying degrees of similarity to each other with very high similarity (over 95% pairwise identity) in similar fragments. Despite this, presented genomes are extremely poorly represented on the level of the nucleotide sequence by Acinetobacter phages in currently available databases as determined by megablast. Most presented phages show a similarity to other phages in less than 50% of a genome. For most presented phages, the most similar phage is either Acinetobacter phage AM106 (acc. no.: MH115576.1) or YMC11/11/R3177 (acc. no. NC_041866). Most similar to the already published phages, the Aclw_8 phage shows over 50% similarity in the genome’s length to five other known phages with a maximum of 65% nucleotide identity to Acinetobacter phage Ab11510-phi (acc. no.: MT361972.1). With higher similarity to the presented phages genomes, A. baumannii bacteria’s prophage genomes had around 80% nucleotide identity for the best hit. This is still relatively far from the similarity cut-off required for different phage species (95% of nucleotide identity) showing how poorly Acinetobacter phages are currently represented in databases. Still, despite the differences, we found no unique proteins or genes. Interestingly, Acinetobacter phage Acba_6 shows little similarity to other presented phages and Acinetobacter phage vB_ApiP_P1 (acc. no.: NC_042006.1) is the closest relative (95% query cover), but no significant similarity to prophages in A. baumannii phage genomes was found by megablast.



Based on previous work attempting to classify Acinetobacter phages and the International Committee on the Taxonomy of Viruses (ICTV) recommendations [46,47,48], we propose a taxonomical classification of the presented phages (Table 7). For a detailed relationship supporting the proposed taxonomical classification, we present the phylogenetic tree of the major capsid protein for Acinetobacter phages and the presented phages (Supplementary Data S1). In the current work, we use the classification and representative genomes proposed recently and follow this nomenclature in subsequent parts of our work [46].



Despite low similarity on a nucleotide level, we show that genome organization and ORF composition is relatively similar across representatives of proposed subfamilies and genera (Figure 4, Figure 5 and Figure 6). The Acba_6 phage fits firmly in the well represented Friunavirus genus in the Beijerinckvirinae subfamily. We propose that phages Acba_3, Aclw_9, Acba_18, Acba_14, Acba_11, and Acba_13 to be classified as Shemyakinvirus in the Junivirinae subfamily [46]. The Acba_13 phage is relatively distant from other phages and can create a different genus in the future, but importantly, a more detailed analysis and classification would be required to determine that. We propose that phages Acba_1, Acba_16, Acba_4, Acba_15, and Aclw_8 to be classified as Vieuvirus in the Junivirinae subfamily. For all phages, ends were fitted to representative phages of their respective, proposed genera.



For Acinetobacter phage Acba_6 we found no integrase protein, CI repressor protein, or telomere regulation protein, which suggests a lytic cycle for this phage. A CI repressor protein was found in the Aclw_8 and Aclw_9 phages and in the rest of the presented phages we found an integrase protein. In all phages except Acba_6, we also found a telomere regulation protein (similar to protein UFJ83265.1 in Acinetobacter phage Ab1656-2, acc. no: MZ675741.1).





4. Discussion


Due to the serious threat to the health and life of people around the world from the A. baumannii species, we have undertaken research aimed at isolating and characterizing phages specific to these dangerous drug-resistant strains. In this paper, we present the results of studies on biological properties such as: the morphology of plaques, phage virion morphology and ultrastructure, their lytic spectrum on strains of A. baumannii and lytic activity on other strains of Gram-negative bacteria, the kinetics of phage adsorption to host cells, as well as optimal amplification parameters (herein MOI). Most importantly, we conducted genetic studies, which are now the basis of phage research specifically intended for therapy [49,50]. This enabled the assessment of the phages’ therapeutic potential and, on this basis, it was possible to propose the classification our Acinetobacter phages to the appropriate genus and family.



The bacterial strains used in the research largely came from patients` respiratory and urinary tracts, with most strains showing resistance to the currently most commonly used antibiotics. A. baumannii strains belong to the Acinetobacter calcoaceticus-baumannii (Acb) complex. This complex consists of five pathogenic and one non-pathogenic species: A. baumannii, A. pittii, A. nosocomialis, A. seifertii, A. dijkshoorniae, and A. calcoaceticus. These species show phenotypic and genotypic similarity [51]. As published elsewhere, the genome of A. baumannii is characterized by plasticity and dynamism (despite the limited variability of the core genes), which is manifested in the significant variability of the accessory gene, which results from the acquisition of a wide variety of mobile genetic elements by the bacterial strains [52]. Analysis of bacterial isolates from the international clonal lineage I showed that the targets of phage adsorption are often hotspots for recombination combined with outer membrane proteins and a capsular polysaccharide, lipooligosaccharide (LOS) [53,54].



In connection with the above, phages may be an effective solution to the aforementioned problems and threats from A. baumannii. Our aim was to isolate and characterize the phages with therapeutic potential. From environmental and clinical material, we initially obtained 18 probable phages; however, the genome analysis revealed that 12 of them were different/individual phages, and only one of them showed the characteristics of a lytic phage with therapeutic potential. It is likely the observed difficulties both with the isolation of these phages and their amplification to titers higher than 108 PFU/mL may be due to the fact that most of them are temperate. Interestingly, some authors proposed the possibility of prophage induction therapy, after appropriate modifications of temperate phages [55]. Therefore, we decided to describe in detail all the isolated phages despite their temperate nature.



Our findings show that all the isolated phages were species-specific—they lysed only Acinetobacter strains without affecting other selected Gram-negative bacteria (Table 1, Table 2). Their lytic spectrum (Table 2) on tested A. baumannii strains can be considered narrow and moderate: from 11% (Acba_1 and Acba_18) through to 30% (Acba_4) and to a maximum of 75% (Acba_15). For half of the 12 phages, alternative hosts strains have been found in addition to the main host on which the phages were isolated (Table 2). Jin et al. (2012), who also studied the range of activity of a phage (ZZ1) specific for A. baumannii strains, observed that apart from the host strain (AB09V), two additional strains (AB0901 and AB0902) from 22 tested clinical isolates were found to be particularly sensitive to phage titer changes, both of which showed lysis of the bacterial lawn when using phage titers of 107–108 PFU/mL or higher [56]. In another study, out of 14 phages specific for A. baumannii, the phage with the widest lytic spectrum was PD-6A3, for which the host range was ~32%. For comparison, a phage cocktail composed of all 14 bacteriophages lysed 54% of all tested bacterial strains [57].



Plaque morphology for most phages was similar—the plaques formed by the phages were small (0.5–1 mm in diameter) and transparent. Phage Aclw_8 and Aclw_9 had a slightly smaller plaque diameter (approximately 0.5 mm), while phage Acba_6 was characterized by relatively large plaques with a clearly marked ‘halo’ effect (Figure 1). The morphology of the phage virions is shown in Figure 2. While most of our phages have been classified as siphoviruses (only one phage was classified as a podovirus), Acinetobacter-specific phages are also often described as myoviruses [50,58,59]. The total dimension for 11 out of 12 phages was approximately 300 nm, while for the Acba_6 phage this dimension was 56.9 nm. Each of the phages had a head with icosahedral symmetry. Additionally, 11 out of 12 phages had a long tail, except for the Acba_6 phage, where the virion had no tail. Interestingly, Acba_6 shows similarities to the A. baumannii φkm18p phage, which also has no tail, and its hexagonal head is about 59 nm in diameter [7]. In another paper describing phages active against A. baumannii, there are micrographs of eight phages with symmetry icosahedral heads of approximately 60 nm in diameter and short noncontractile tails of 10 nm in length [60]. Other examples of A. baumannii-specific phage morphology are the ISTD and NOVI phages. Both phages had a long, contractile, and thick tail with protruding tail tubes. The NOVI phage head was isometric, while the ISTD phage head was more elongated [61].



MOI studies (Table 4) have shown that the optimal parameter needed for phage amplification is an individual issue for each Acinetobacter phage. For six out of 12 phages, the optimal MOI oscillates between 0.001 (Acba_1, Acba_3, and Acba_6) and 0.1 (Acba_4, Aclw_8, and Acba_11). For five phages, the optimal MOI was 1 (Aclw_9, Acba_13, Acba_14, Acba_16, and Acba_18), and for one phage the MOI was 10 (Acba_15). For some phages, lower values of MOI (MOI = 0.1) are more effective [60,62], which is also the case for phages against other species, as described for Enterobacter-specific bacteriophages [34]. For other phages, the highest phage titer values will be obtained with a higher MOI, for example, an MOI of 20 [8].



The fact that the studied phages are temperate has been confirmed by the presence in the analyzed genomes of both integrase and CI repressor genes. The presence of the integrase gene in the phage genome may indicate that these phages carry out the lysogenic [63]. Because integrases may be, e.g., associated with the recombination and to the genomic rearrangements [24], which result in integration and excision of phage genomes from the host genome, the maintenance of the number of plasmid copies, or elimination of chromosomal dimers [64]. The CI repressor protein plays a key role in the regulation of the lytic/lysogenic cycle of phages. This protein inhibits the transcription of the pL lytic promoter by binding to multiple operator sites in the DNA [65]. The prophage genome integrates with the bacterial chromosome, which leads to the creation of a stable form of the prophage present in the bacterial genome in the next generations [66]. Interestingly, the presence of both integrase and the telomere regulation protein may be used in the mechanism when phages enter the lysogenic cycle as linear plasmids inside the bacteria with covalently closed hairpin ends [67]. As was described elsewhere, the genomes of these prophages consist of two arms, which are separated by the telomere resolution site (essential for phage genome conversion into the linear plasmid prophage).



Based on the published papers from 2017 to 2021, in the International Nucleotide Sequence Database Collaboration, the number of sequenced Acinetobacter-specific phage genomes increased from 37 to 139 [46]. These phages, due to their genetic diversity, can be assigned to eight clusters (subfamilies). The authors proposed a new solution in the classification of Acinetobacter phages: reorganization of the genus Obolenskvirus and the creation of five new subfamilies [46]. The Bacterial Viruses Subcommittee of the ICTV currently recommend to use genome-based metrics to determine the taxonomic affiliation of phages. Interestingly, genetic analyzes of lytic phage genomes have shown that their evolution is predominantly vertical, and some of the clades of phages represent ancient lineages [47].



In a phylogenetic analysis, only one protein was used, as using all proteins would cause classification problems because Acinetobacter phages are difficult to classify. The pan-proteomic analyses of clusters used for this (subfamilies from, e.g., work by Oliveira et al. (2022) [46]) are based on different rules than the ICTV guidelines, which additionally do not take many phages into account. This creates problems when a larger number of proteins is analyzed.



Nowadays, when there is a trend suggesting the possibility of using temperate phages in the therapy of bacterial infections, we present data on the biological properties of Acinetobacter phages, which may be used for therapeutic purposes in the future after proving their safety and effectiveness. Alternatively, or perhaps additionally, it creates the possibility of using the potential of enzymes encoded in the genome of phages.




5. Conclusions


In the above study, we have examined the biological properties of 12 phages specific for A. baumannii, including the morphology of plaques, phage virion morphology and ultrastructure, their lytic spectrum, the kinetics of phage adsorption to host bacterial cells and kinetics rate constants, as well as optimal MOI. Genetic studies also allowed us to check the presence of genes characteristic of the phage lytic cycle. Moreover, we conducted genetic studies, which allowed us to classify the phages to the appropriate genus and family. The above research will allow us to supplement the knowledge about phages specific for A. baumannii strains, which currently pose a serious threat to human life and health around the world. In addition, attention should be paid to phage therapy, which may become a serious alternative to the currently widely used antibiotic therapy. In order to assess the therapeutic potential, additional stability studies of the described phages are underway, which we also intend to publish.



Nevertheless, the data presented in this study broadens the spectrum of phages applicable in the fight against this important pathogen and contribute to the further advancement of phage therapy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15010231/s1, Figure S1: Pictures presenting the morphology and size of phage plaques; Figure S2: Electron micrographs from the Transmission Electron Microscope showing the morphology of bacteriophages; Data S1: Acinetobacter phages major capsid protein tree.





Author Contributions


Conceptualization, E.J.-M.; methodology, N.B., M.C., M.A.H., F.O. and E.J.-M.; software, M.A.H. and K.D.; validation K.D. and E.J.-M.; investigation, N.B., M.C., F.O. and B.W.-D.; data curation, M.C. and M.A.H.; writing—original draft preparation, N.B., M.C. and E.J.-M.; writing—review and editing, N.B., M.C., M.A.H., K.D., B.W.-D., A.G. and E.J.-M.; visualization, M.A.H., M.C. and F.O.; supervision, K.D., A.G. and E.J.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by: project entitled “Optimization of the production and characterization of bacteriophage preparations for therapeutic use” funded funds under Operational Program Innovative Economy, 2007–2013, project no. POIG 01.03.01-02-003/08; Biological stabilization of the microbiology of water intended for consumption project financed by the National Center for Research and Development, project no. INNOTECH-K2/IN2/7/18/844/NCBiR/13); project entitled “Study of the composition of a bacteriophage preparation specific to multi-drug resistant Acinetobacter baumannii clinical strains” NOR/SGS/ACIPHAGE/0192/2020, 2021-2023, financed by the National Center for Research and Development.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The presented data are available on request from the corresponding author.




Acknowledgments


We would like to thank to Bartłomiej Grygorcewicz from the Department of Laboratory Medicine, Pomeranian Medical University of Szczecin, Poland for providing clinical strains of A. baumannii. We also would like to thank to Norbert Łodej and Karolina Hyczko for preparing and developing the electron micrographs of the studied phages. The transmission electron microscopy imaging and genome sequencing were performed within “Scientific Information Base Supporting Innovative Therapies—BINWIT” (POPC.02.03.01-00-0053/18), co-funded by the European Regional Development Fund under the Operational Program Digital Poland “Sub-measure 2.3.1. Digital access to public sector information from administrative sources and learning resources”.




Conflicts of Interest


A. Górski and B. Weber-Dąbrowska are the co-inventor of patents owned by the L. Hirszfeld Institute and covered the phage preparations. Other authors declared that the research was conducted without any commercial or financial relationships that could be construed as potential conflicts of interest.




References


	



Towner, K.J. Acinetobacter: An old friend, but a new enemy. J. Hosp. Infect. 2009, 7, 355–363. [Google Scholar] [CrossRef]

	



Kuehn, B.M. Progress Against Antimicrobial Resistance Has Slipped. JAMA 2022, 328, 702. [Google Scholar] [CrossRef] [PubMed]

	



Munk, P.; Brinch, C.; Møller, F.D.; Petersen, T.N.; Hendriksen, R.S.; Seyfarth, A.M.; Kjeldgaard, J.S.; Svendsen, C.A.; van Bunnik, B.; Berglund, F.; et al. Genomic analysis of sewage from 101 countries reveals global landscape of antimicrobial resistance. Nat. Commun. 2022, 13, 7251. [Google Scholar] [CrossRef]

	



World Health Organization (WHO). Available online: http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en (accessed on 14 November 2018).

	



World Health Organization (WHO). Available online: https://www.who.int/emergencies/ten-threats-to-global-health-in-2019 (accessed on 18 February 2019).

	



Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; Kluytmans, J.; Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria and tuberculosis. Lancet Infect. Dis. 2018, 18, 318–327. [Google Scholar] [CrossRef] [PubMed]

	



Shen, G.H.; Wang, J.L.; Wen, F.S.; Chang, K.M.; Kuo, C.F.; Lin, C.H.; Luo, H.R.; Hung, C.H. Isolation and characterization of φkm18p, a novel lytic phage with therapeutic potential against extensively drug resistant Acinetobacter baumannii. PLoS ONE 2012, 7, e46537. [Google Scholar] [CrossRef] [PubMed]

	



Peng, F.; Mi, Z.; Huang, Y.; Yuan, X.; Niu, W.; Wang, Y.; Hua, Y.; Fan, H.; Bai, C.; Tong, Y. Characterization, sequencing and comparative genomic analysis of vB_AbaM-IME-AB2, a novel lytic bacteriophage that infects multidrug-resistant Acinetobacter baumannii clinical isolates. BMC Microbiol. 2014, 5, 181. [Google Scholar] [CrossRef]

	



Cisneros, J.; Rodriguez-Bano, J. Nosocomial bacteremia due to Acinetobacter baumannii: Epidemiology, clinical features and treatment. Clin. Microbiol. Infect. 2002, 8, 687–693. [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]

	



Al-Kadmy, I.M.S.; Ali, A.N.M.; Salman, I.M.A.; Khazaal, S.S. Molecular characterization of Acinetobacter baumannii isolated from Iraqi hospital environment. New Microbes New Infect. 2018, 21, 51–57. [Google Scholar] [CrossRef]

	



Garnacho-Montero, J.; Ortiz-Leyba, C.; Fernández-Hinojosa, E.; Aldabó-Pallás, T.; Cayuela, A.; Marquez-Vácaro, J.A.; Garcia-Curiel, A.; Jiménez-Jiménez, F.J. Acinetobacter baumannii ventilator-associated pneumonia: Epidemiological and clinical findings. Intensive Care Med. 2005, 31, 649–655. [Google Scholar] [CrossRef]

	



Khazaal, S.S.; Al-Saryi, N.; Ibrahim, S.A. Immunomodulation by Acinetobacter baumannii of endotracheal tube biofilm in ventilator-associated pneumonia. Meta Gene. 2020, 13, 100672. [Google Scholar] [CrossRef]

	



Khazaal, S.S.; Al-Kadmy, I.M.; Aziz, S.N. Mechanism of pathogenesis in multidrug resistant Acinetobacter baumannii isolated from intensive care unit. Gene Rep. 2020, 18, 100557. [Google Scholar] [CrossRef]

	



Hakemi Vala, M.; Hallajzadeh, M.; Hashemi, A.; Goudarzi, H.; Tarhani, M.; Sattarzadeh Tabrizi, M.; Bazmi, F. Detection of Ambler class A, B and D ß-lactamases among Pseudomonas aeruginosa and Acinetobacter baumannii clinical isolates from burn patients. Ann. Burns Fire Disasters 2014, 27, 8–13. [Google Scholar]

	



Kareem, S.M.; Al-Kadmy, I.M.; Kazaal, S.S.; Ali, A.N.M.; Aziz, S.N.; Makharita, R.R.; Algammal, A.M.; Al-Rejaie, S.; Behl, T.; Batiha, G.E.S.; et al. Detection of gyra and parc mutations and prevalence of plasmid-mediated quinolone resistance genes in Klebsiella pneumoniae. Infect. Drug Resist. 2021, 14, 555. [Google Scholar] [CrossRef]

	



Fernandes, R.; Amador, P.; Prudêncio, C. β-lactams: Chemical structure, mode of action and mechanisms of resistance. Rev. Med. Microbiol. 2013, 24, 7–17. [Google Scholar] [CrossRef]

	



Jean, S.S.; Hsueh, P.R. High burden of antimicrobial resistance in Asia. Int. J. Antimicrob. Agents. 2011, 37, 291–295. [Google Scholar] [CrossRef]

	



Chopra, T.; Marchaim, D.; Awali, R.A.; Krishna, A.; Johnson, P.; Tansek, R.; Chaudary, K.; Lephart, P.; Slim, J.; Hothi, J.; et al. Epidemiology of bloodstream infections caused by Acinetobacter baumannii and impact of drug resistance to both carbapenems and ampicillin-sulbactam on clinical outcomes. Antimicrob. Agents Chemother. 2013, 12, 6270–6275. [Google Scholar] [CrossRef]

	



Velkov, T.; Dai, C.; Ciccotosto, G.D.; Cappai, R.; Hoyer, D.; Li, J. Polymyxins for CNS infections: Pharmacology and neurotoxicity. Pharmacol. Ther. 2018, 181, 85–90. [Google Scholar] [CrossRef]

	



Ibrahim, S.; Al-Saryi, N.; Al-Kadmy, I.M.S.; Aziz, S.N. Multidrug-resistant Acinetobacter baumannii as an emerging concern in hospitals. Mol. Biol. Rep. 2021, 48, 6987–6998. [Google Scholar] [CrossRef]

	



Alaoui Mdarhri, H.; Benmessaoud, R.; Yacoubi, H.; Seffar, L.; Guennouni Assimi, H.; Hamam, M.; Boussettine, R.; Filali-Ansari, N.; Lahlou, F.A.; Diawara, I.; et al. Alternatives Therapeutic Approaches to Conventional Antibiotics: Advantages, Limitations and Potential Application in Medicine. Antibiotics 2022, 11, 1826. [Google Scholar] [CrossRef]

	



Tan, Y.; Su, J.; Fu, M.; Zhang, H.; Zeng, H. Recent Advances in Phage-Based Therapeutics for Multi-Drug Resistant Acinetobacter baumannii. Bioengineering 2023, 10, 35. [Google Scholar] [CrossRef]

	



Blasco, L.; Bleriot, I.; González de Aledo, M.; Fernández-García, L.; Pacios, O.; Oliveira, H.; López, M.; Ortiz-Cartagena, C.; Fernández-Cuenca, F.; Pascual, Á.; et al. Development of an Anti-Acinetobacter baumannii Biofilm Phage Cocktail: Genomic Adaptation to the Host. Antimicrob. Agents Chemother. 2022, 66, e0192321. [Google Scholar] [CrossRef]

	



Grygorcewicz, B.; Roszak, M.; Golec, P.; Śleboda-Taront, D.; Łubowska, N.; Górska, M.; Jursa-Kulesza, J.; Rakoczy, R.; Wojciuk, B.; Dołęgowska, B. Antibiotics Act with vB_AbaP_AGC01 Phage against Acinetobacter baumannii in Human Heat-Inactivated Plasma Blood and Galleria mellonella Models. Int. J. Mol. Sci. 2020, 21, 4390. [Google Scholar] [CrossRef] [PubMed]

	



Gordillo Altamirano, F.L.; Kostoulias, X.; Subedi, D.; Korneev, D.; Peleg, A.Y.; Barr, J.J. Phage-antibiotic combination is a superior treatment against Acinetobacter baumannii in a preclinical study. EBioMedicine 2022, 80, 104045. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.L.; Kuo, C.F.; Yeh, C.M.; Chen, J.R.; Cheng, M.F.; Hung, C.H. Efficacy of φkm18p phage therapy in a murine model of extensively drug-resistant Acinetobacter baumannii infection. Infect. Drug Resist. 2018, 11, 2301–2310. [Google Scholar] [CrossRef] [PubMed]

	



Wu, N.; Dai, J.; Guo, M.; Li, J.; Zhou, X.; Li, F.; Gao, Y.; Qu, H.; Lu, H.; Jin, J.; et al. Pre-optimized phage therapy on secondary Acinetobacter baumannii infection in four critical COVID-19 patients. Emerg. Microbes Infect. 2021, 10, 612–618. [Google Scholar] [CrossRef]

	



Wienhold, S.M.; Brack, M.C.; Nouailles, G.; Krishnamoorthy, G.; Korf, I.H.E.; Seitz, C.; Wienecke, S.; Dietert, K.; Gurtner, C.; Kershaw, O.; et al. Preclinical Assessment of Bacteriophage Therapy against Experimental Acinetobacter baumannii Lung Infection. Viruses 2021, 14, 33. [Google Scholar] [CrossRef]

	



Tan, X.; Chen, H.; Zhang, M.; Zhao, Y.; Jiang, Y.; Liu, X.; Huang, W.; Ma, Y. Clinical Experience of Personalized Phage Therapy Against Carbapenem-Resistant Acinetobacter baumannii Lung Infection in a Patient with Chronic Obstructive Pulmonary Disease. Front. Cell. Infect. Microbiol. 2021, 11, 631585. [Google Scholar] [CrossRef]

	



Allemailem, K.S.; Alnuqaydan, A.M.; Almatroudi, A.; Alrumaihi, F.; Aljaghwani, A.; Khalilullah, H.; Younus, H.; Khan, A.; Khan, M.A. Safety and Therapeutic Efficacy of Thymoquinone-Loaded Liposomes against Drug-Sensitive and Drug-Resistant Acinetobacter baumannii. Pharmaceutics 2021, 13, 677. [Google Scholar] [CrossRef]

	



Khan, M.A.; Allemailem, K.S.; Maswadeh, H.; Younus, H. Glycosphingolipids (GSLs) from Sphingomonas paucimobilis Increase the Efficacy of Liposome-Based Nanovaccine against Acinetobacter baumannii-Associated Pneumonia in Immunocompetent and Immunocompromised Mice. Molecules 2022, 27, 7790. [Google Scholar] [CrossRef]

	



Ślopek, S.; Durlakowa, I.; Weber-Dabrowska, B.; Dabrowski, M.; Kucharewicz-Krukowska, A. Results of bacteriophage treatment of suppurative bacterial infections. III. Detailed evaluation of the results obtained in further 150 cases. Arch. Immunol. Ther. Exp. 1984, 32, 317–335. [Google Scholar]

	



Cieślik, M.; Harhala, M.; Orwat, F.; Dąbrowska, K.; Górski, A.; Jończyk-Matysiak, E. Two Newly Isolated Enterobacter-Specific Bacteriophages: Biological Properties and Stability Studies. Viruses 2022, 14, 1518. [Google Scholar] [CrossRef] [PubMed]

	



Gratia, A. Des relations numeriques entre bacteries lysogenes et particles de bacteriophage. Ann. Inst. Pasteur. 1936, 57, 652–676. [Google Scholar]

	



Adams, M.H. Enumeration of bacteriophage particles. In The Bacteriophages; Inter Science Publisher: New York, NY, USA, 1959. [Google Scholar]

	



Kropinski, A.M. Measurement of the rate of attachment of bacteriophage to cells. In Bacteriophages. Methods in Molecular Biology; Clokie, M.R., Kropinski, A.M., Eds.; Humana Press: Totowa, NJ, USA, 2009; Volume 501, pp. 151–155. [Google Scholar]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Antipov, D.; Korobeynikov, A.; McLean, J.S.; Pevzner, P.A. hybrid SPAdes: An algorithm for hybrid assembly of short and long reads. Bioinformatics 2016, 32, 1009–1015. [Google Scholar] [CrossRef]

	



Prjibelski, A.D.; Vasilinetc, I.; Bankevich, A.; Gurevich, A.; Krivosheeva, T.; Nurk, S.; Pham, S.; Korobeynikov, A.; Lapidus, A.; Pevzner, P.A. ExSPAnder: A universal repeat resolver for DNA fragment assembly. Bioinformatics 2014, 30, i293–i301. [Google Scholar] [CrossRef]

	



Vasilinetc, I.; Prjibelski, A.D.; Gurevich, A.; Korobeynikov, A.; Pevzner, P.A. Assembling short reads from jumping libraries with large insert sizes. Bioinformatics 2015, 31, 3262–3268. [Google Scholar] [CrossRef]

	



Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; 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]

	



Nurk, S.; Bankevich, A.; Antipov, D.; Gurevich, A.; Korobeynikov, A.; Lapidus, A.; Prjibelsky, A.; Pyshkin, A.; Sirotkin, A.; Sirotkin, Y.; et al. Assembling Genomes and Mini-metagenomes from Highly Chimeric Reads. In Lecture Notes in Computer Science; Springer: Berlin/Heidelberg, Germany, 2013; Volume 821, pp. 158–170. [Google Scholar]

	



Cuccuru, G.; Orsini, M.; Pinna, A.; Sbardellati, A.; Soranzo, N.; Travaglione, A.; Uva, P.; Zanetti, G.; Fotia, G. Orione, a web-based framework for NGS analysis in microbiology. Bioinformatics 2014, 30, 1928–1929. [Google Scholar] [CrossRef]

	



Seemann, T. Prokka. Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [Google Scholar] [CrossRef]

	



Oliveira, H.; Domingues, R.; Evans, B.; Sutton, J.M.; Adriaenssens, E.M.; Turner, D. Genomic diversity of bacteriophages infecting the genus Acinetobacter. Viruses 2022, 14, 181. [Google Scholar] [CrossRef]

	



Adriaenssens, E.; Brister, J.R. How to Name and Classify Your Phage: An Informal Guide. Viruses 2017, 9, 70. [Google Scholar] [CrossRef]

	



Turner, D.; Ackermann, H.W.; Kropinski, A.M.; Lavigne, R.; Sutton, J.M.; Reynolds, D.M. Comparative analysis of 37 Acinetobacter bacteriophages. Viruses 2017, 10, 5. [Google Scholar] [CrossRef]

	



Suh, G.A.; Lodise, T.P.; Tamma, P.D.; Knisely, J.M.; Alexander, J.; Aslam, S.; Barton, K.D.; Bizzell, E.; Totten, K.M.C.; Campbell, J.; et al. Antibacterial Resistance Leadership Group. Considerations for the Use of Phage Therapy in Clinical Practice. Antimicrob. Agents Chemother. 2022, 66, e02071-21. [Google Scholar] [CrossRef]

	



Liu, M.; Hernandez-Morales, A.; Clark, J.; Le, T.; Biswas, B.; Bishop-Lilly, K.A.; Henry, M.; Quinones, J.; Voegtly, L.J.; Cer, R.Z.; et al. Comparative genomics of Acinetobacter baumannii and therapeutic bacteriophages from a patient undergoing phage therapy. Nat. Commun. 2022, 13, 3776. [Google Scholar] [CrossRef]

	



Nemec, A.; Krizova, L.; Maixnerova, M.; van der Reijden, T.J.; Deschaght, P.; Passet, V.; Vaneechoutte, M.; Brisse, S.; Dijkshoorn, L. Genotypic and phenotypic characterization of the Acinetobacter calcoaceticus-Acinetobacter baumannii complex with the proposal of Acinetobacter pittii sp. nov. (formerly Acinetobacter genomic species 3) and Acinetobacter nosocomialis sp. nov. (formerly Acinetobacter genomic species 13TU). Res. Microbiol. 2011, 162, 393–404. [Google Scholar]

	



Rodrigues, D.L.N.; Morais-Rodrigues, F.; Hurtado, R.; Dos Santos, R.G.; Costa, D.C.; Barh, D.; Ghosh, P.; Alzahrani, K.J.; Soares, S.C.; Ramos, R.; et al. Pan-Resistome Insights into the Multidrug Resistance of Acinetobacter baumannii. Antibiotics 2021, 10, 596. [Google Scholar] [CrossRef]

	



Álvarez, V.E.; Quiroga, M.P.; Galán, A.V.; Vilacoba, E.; Quiroga, C.; Ramírez, M.S.; Centrón, D. Crucial Role of the Accessory Genome in the Evolutionary Trajectory of Acinetobacter baumannii Global Clone 1. Front. Microbiol. 2020, 11, 342. [Google Scholar] [CrossRef]

	



Holt, K.; Kenyon, J.J.; Hamidian, M.; Schultz, M.B.; Pickard, D.J.; Dougan, G.; Hall, R. Five decades of genome evolution in the globally distributed, extensively antibiotic-resistant Acinetobacter baumannii global clone 1. Microb. Genom. 2016, 2, e000052. [Google Scholar] [CrossRef]

	



Lakshminarasimhan, A. Prophage induction therapy: Activation of the lytic phase in prophages for the elimination of pathogenic bacteria. Med. Hypotheses 2022, 169, 110980. [Google Scholar] [CrossRef]

	



Jin, J.; Li, Z.J.; Wang, S.W.; Wang, S.M.; Huang, D.H.; Li, Y.H.; Ma, Y.Y.; Wang, J.; Liu, F.; Chen, X.D.; et al. Isolation and characterization of ZZ1, a novel lytic phage that infects Acinetobacter baumannii clinical isolates. BMC Microbiol. 2012, 12, 156. [Google Scholar] [CrossRef]

	



Wu, M.; Hu, K.; Xie, Y.; Liu, Y.; Mu, D.; Guo, H.; Zhang, Z.; Zhang, Y.; Chang, D.; Shi, Y.A. Novel Phage PD-6A3, and Its Endolysin Ply6A3, With Extended Lytic Activity Against Acinetobacter baumannii. Front. Microbiol. 2019, 9, 3302. [Google Scholar] [CrossRef] [PubMed]

	



Wintachai, P.; Surachat, K.; Chaimaha, G.; Septama, A.W.; Smith, D.R. Isolation and Characterization of a Phapecoctavirus Infecting Multidrug-Resistant Acinetobacter baumannii in A549 Alveolar Epithelial Cells. Viruses 2022, 14, 2561. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Wang, X.; Hua, X.; Yu, Y.; Leptihn, S.; Loh, B. Therapeutic evaluation of the Acinetobacter baumannii phage Phab24 for clinical use. Virus. Res. 2022, 320, 198889. [Google Scholar] [CrossRef] [PubMed]

	



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. 2020, 95, e01714-20. [Google Scholar]

	



Vukotic, G.; Obradovic, M.; Novovic, K.; Di Luca, M.; Jovcic, B.; Fira, D.; Neve, H.; Kojic, M.; McAuliffe, O. Characterization, Antibiofilm, and Depolymerizing Activity of Two Phages Active on Carbapenem-Resistant Acinetobacter baumannii. Front. Med. 2020, 7, 426. [Google Scholar] [CrossRef]

	



Timoshina, O.Y.; Shneider, M.M.; Evseev, P.V.; Shchurova, A.S.; Shelenkov, A.A.; Mikhaylova, Y.V.; Sokolova, O.S.; Kasimova, A.A.; Arbatsky, N.P.; Dmitrenok, A.S.; et al. Novel Acinetobacter baumannii Bacteriophage Aristophanes Encoding Structural Polysaccharide Deacetylase. Viruses 2021, 13, 1688. [Google Scholar] [CrossRef]

	



Omata, K.; Hibi, N.; Nakano, S.; Komoto, S.; Sato, K.; Nunokawa, K.; Amano, S.; Ueda, K. Distribution and genome structures of temperate phages in acetic acid bacteria. Sci. Rep. 2021, 11, 21567. [Google Scholar] [CrossRef]

	



Badawy, S.; Pajunen, M.I.; Haiko, J.; Baka, Z.A.M.; Abou-Dobara, M.I.; El-Sayed, A.K.A.; Skurnik, M. Identification and Functional Analysis of Temperate Siphoviridae Bacteriophages of Acinetobacter baumannii. Viruses 2020, 12, 604. [Google Scholar] [CrossRef]

	



Oppenheim, A.B.; Kobiler, O.; Stavans, J.; Court, D.L.; Adhya, S. Switches in Bacteriophage Lambda Development. Annu. Rev. Genet. 2005, 39, 409–429. [Google Scholar] [CrossRef]

	



Baek, K.; Svenningsen, S.; Eisen, H.; Sneppen, K.; Brown, S. Single-cell analysis of lambda immunity regulation. J. Mol. Biol. 2003, 334, 363–372. [Google Scholar] [CrossRef]

	



Hammerl, J.A.; Jäckel, C.; Funk, E.; Pinnau, S.; Mache, C.; Hertwig, S. The diverse genetic switch of enterobacterial and marine telomere phages. Bacteriophage 2016, 6, e1148805. [Google Scholar] [CrossRef]








[image: Viruses 15 00231 g001 550] 





Figure 1. Pictures showing the morphology of plaques of selected phages. Panel (A): Acba_3, Panel (B): Acba_6, Panel (C): Aclw_9, Panel (D): Acba_16. Small, transparent plaques (Acba_3, Aclw_9, Acba_16) and larger plaques with a ‘halo’ effect (Acba_6) are visible on the plates. Photos of phage plaques were taken with the Samsung ST150F camera. 
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Figure 2. Electron micrographs from the TEM (Kodak/Carestream Electron Microscope) showing the morphology of selected bacteriophages. Panel (A): Acba_3, Panel (B): Acba_6, Panel (C): Aclw_9, Panel (D): Acba_16. The Acba_3, Aclw_9, and Acba_16 phages were photographed at a magnification of 200,000×, whereas the magnification for the Acba_6 phage was 250,000×. The reference bar shown on each panel corresponds to 100 nm. 
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Figure 3. Kinetic of Acba_6 adsorption on A. baumannii 3940 at MOI = 0.1. Points represent an average; error bars represent the standard deviation of the mean phage titers for three samples (± SD). Lines correspond to the model (linear regression) used to calculate the adsorption constant; dotted line is the 95% confidence interval (CI). 
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Figure 4. Comparison of genomes between researched phages and the reference phage for Shemyakinvirus genus. Genomes were compared using blastn and represented by the Easyfig software. The genome of the representative phage is on the top. Horizontal black lines (genome) with blue arrows (ORFs) represent phage genomes. Gray, thick, vertical lines represent similar fragments of genomes between phages. Thin gray or white lines represent similarity between short, internal repeats found in compared genomes. 
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Figure 5. Comparison of genomes between researched phages and the reference phage for Vieuvirus genus. Genomes were compared using blastn and represented by the Easyfig software. The genome of the representative phage is on the top. Horizontal black lines (genome) with blue arrows (ORFs) represent phage genomes. Gray, thick, vertical lines represent similar fragments of genomes between phages. Thin gray or white lines represent similarity between short, internal repeats found in compared genomes. 
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Figure 6. Comparison of genomes between researched phage Acba_6 and a reference phage from Friunavirus genus. Genomes were compared using blastn and represented by the Easyfig software. Horizontal black lines (genome) with blue arrows (ORFs) represent phage genomes. Gray, thick, vertical lines represent similar fragments of genomes between phages. Thin gray or white lines represent similarity between short, internal repeats found in compared genomes. 
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Table 1. Characteristics of Gram-negative bacterial strains other than Acinetobacter spp.
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	Bacterial Species
	Source of Isolation
	Sensitivity to Tested A. baumannii Phages





	P. aeruginosa 6111
	swab from the fistula
	no



	P. aeruginosa 1790/1
	sputum
	no



	K. pneumoniae 8385
	urine
	no



	E. coli 9608
	vagina
	no



	E. coli 8069
	urine
	no



	E. cloacae 2084
	urine
	no
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Table 2. Characterization of phages specific for A. baumannii. The lytic spectrum was tested with 53 strains of A. baumannii.
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	No.
	Phage

Symbol
	ICTV Symbol
	Source and Year of

Isolation
	Lytic

Spectrum
	Host Strain





	1.
	Acba_1
	Acinetobacter phage vB_AbaS-1
	city ditch water (Sroda Slaska, Lower Silesia, Poland, 2007)
	11%
	A. baumannii K26905 (main) *

A. baumannii: 703, 1326, 1971 (alternative) **



	2.
	Acba_3
	Acinetobacter phage vB_AbaS-3
	water sample (Kluczowa, Lower Silesia, Poland, 2018)
	47%
	A. baumannii 1971



	3.
	Acba_4
	Acinetobacter phage vB_AbaS-4
	water sample (Drobnice, Lodz Province, Poland, 2018)
	30%
	A. baumannii 1971



	4.
	Acba_6
	Acinetobacter phage vB_AbaP-7
	hospital sewage (delivery and operating block) Regional Specialist Hospital in Wroclaw (Wroclaw, Lower Silesia, Poland, 2013)
	19%
	A. baumannii 3940



	5.
	Aclw_8
	Acinetobacter phage vB_AlwS-8
	sewage treated from a sewage treatment plant (Grodzisk Mazowiecki, Masovian, Poland, 2014)
	11%
	A. lwoffi WII44.3 (main)

A. baumannii: 703, 1326, 1971 (alternative)



	6.
	Aclw_9
	Acinetobacter phage vB_AlwS-9
	water taken from the Water Treatment Plant (Grodzisk Mazowiecki, Masovian, Poland, 2015)
	72%
	A. lwoffi WII44.3 (main)

A. baumannii: 703, 1326, 1971 (alternative)



	7.
	Acba_11
	Acinetobacter phage vB_AbaS-11
	water sample (Walichnowy, Lodz Province, Poland, 2018)
	62%
	A. baumannii 1326



	8.
	Acba_13
	Acinetobacter phage vB_AbaS-13
	river water (Olawa, Lower Silesia, Poland, 2018)
	17%
	A. baumannii 1326



	9.
	Acba_14
	Acinetobacter phage vB_AbaS-14
	water sample (Walichnowy, Lodz Province, Poland, 2018)
	21%
	A. baumannii 1971



	10.
	Acba_15
	Acinetobacter phage vB_AbaS-15
	water sample (Lyskornia, Lodz Province, Poland, 2018)
	75%
	A. baumannii 703 (main)

A. baumannii: 1326, 1971 (alternative)



	11.
	Acba_16
	Acinetobacter phage vB_AbaS-16
	water sample (Lyskornia, Lodz Province, Poland, 2018)
	13%
	A. baumannii 703 (main)

A. baumannii: 1326, 1971 (alternative)



	12.
	Acba_18
	Acinetobacter phage vB_AbaS-18
	water from the drainage ditch (Olawa, Lower Silesia, Poland, 2018)
	11%
	A. baumannii 703 (main)

A. baumannii: 1326, 1971 (alternative)







* the bacterial strain on which the phage was isolated. ** the bacterial strain on which the phage may be amplified.
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Table 3. The dimensions of the bacteriophages were determined based on the measurements of ten virions for each of 12 phages.
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	Phage Symbol
	Total Dimension [nm]
	Capsid Length [nm]
	Capsid Width [nm]
	Capsid Diagonal [nm]
	Tail Length [nm]
	Tail Width [nm]





	Acba_1
	316.9
	64.8
	64.2
	67.6
	252.1
	10.7



	Acba_3
	331.5
	82.8
	65.4
	77.2
	248.7
	10.1



	Acba_4
	292
	68.5
	54.6
	65.7
	223.5
	9.8



	Acba_6
	56.9
	56.9
	58.6
	n/a
	n/a
	n/a



	Aclw_8
	308.8
	71.5
	56.3
	67.2
	237.3
	9.7



	Aclw_9
	307.3
	76.1
	59.7
	67.1
	231.2
	10.3



	Acba_11
	315.9
	67.9
	56.1
	65.9
	248
	9.4



	Acba_13
	329
	76.2
	62.8
	75.2
	252.8
	10.3



	Acba_14
	316
	78.7
	65.8
	74.5
	237.3
	9.3



	Acba_15
	322.5
	78.3
	61.6
	73.3
	244.2
	10.3



	Acba_16
	319.4
	73.6
	58.3
	68.8
	245.8
	9.6



	Acba_18
	297.1
	64.6
	52.8
	61.1
	232.5
	9.4
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Table 4. MOI values resulting in the highest titer of the tested phages.
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	Phage Symbol
	Phage Titer [PFU/mL]
	MOI
	Phage Titer after Incubation [PFU/mL]





	Acba_1
	102
	0.001
	7.89 × 106



	Acba_3
	102
	0.001
	9.76 × 106



	Acba_4
	104
	0.1
	4.73 × 107



	Acba_6
	102
	0.001
	2.31 × 108



	Aclw_8
	104
	0.1
	1.86 × 107



	Aclw_9
	105
	1
	5.16 × 107



	Acba_11
	104
	0.1
	4.74 × 107



	Acba_13
	105
	1
	9.97 × 106



	Acba_14
	105
	1
	4.73 × 107



	Acba_15
	106
	10
	6.16 × 107



	Acba_16
	105
	1
	4.61 × 107



	Acba_18
	105
	1
	7.71 × 107
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Table 5. Adsorption rate constants [mL/min] for 12 Acinetobacter-specific bacteriophages.
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Adsorption Rate Constant [mL/min]






	
Acba_1

	
1.6 × 10−9




	
Acba_3

	
1.2 × 10−9




	
Acba_4

	
1.33 × 10−8




	
Acba_6

	
5.76 × 10−9




	
Aclw_8

	
1.04 × 10−9




	
Aclw_9

	
2.61 × 10−9




	
Acba_11

	
4.6 × 10−9




	
Acba_13

	
1.11 × 10−9




	
Acba_14

	
4.8 × 10−9




	
Acba_15

	
2.6 × 10−9




	
Acba_16

	
1.66 × 10−8




	
Acba_18

	
5.6 × 10−9
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Table 6. Basic features of sequenced phages.
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Phage Symbol

	
Genome Length [bp]

	
No. of ORFs

	
Strand [%]

	
Described Protein [%]

	
Start Codons [%]




	
Positive

	
Negative

	
ATG

	
TTG

	
GTG






	
Acba_1

	
50,696

	
77

	
79.2

	
20.8

	
51.9

	
90.9

	
2.60

	
5.19




	
Acba_3

	
55,181

	
72

	
80.6

	
19.4

	
52.8

	
97.2

	
1.39

	
1.39




	
Acba_4

	
57,429

	
77

	
81.8

	
18.2

	
51.9

	
93.5

	
2.60

	
3.90




	
Acba_6

	
42,776

	
52

	
100.0

	
0.0

	
65.4

	
98.1

	
1.92

	
0.00




	
Aclw_8

	
47,018

	
70

	
84.3

	
15.7

	
45.7

	
94.3

	
1.43

	
4.29




	
Aclw_9

	
32,415

	
53

	
92.5

	
7.5

	
41.5

	
94.3

	
1.89

	
3.77




	
Acba_11

	
67,052

	
96

	
84.4

	
15.6

	
47.9

	
95.8

	
1.04

	
3.13




	
Acba_13

	
55,385

	
73

	
80.8

	
19.2

	
49.3

	
98.6

	
1.37

	
0.00




	
Acba_14

	
54,941

	
74

	
81.1

	
18.9

	
44.6

	
94.6

	
2.70

	
2.70




	
Acba_15

	
60,424

	
81

	
80.2

	
19.8

	
53.1

	
95.1

	
2.47

	
2.47




	
Acba_16

	
51,595

	
64

	
81.3

	
18.8

	
50.0

	
95.3

	
1.56

	
3.13




	
Acba_18

	
53,751

	
70

	
80.0

	
20.0

	
48.6

	
98.6

	
1.43

	
0.00
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Table 7. Proposed taxonomy of the presented genomes on the basis of nucleotide sequence similarity and phylogenetic analysis of the major capsid protein in Acinetobacter phages. Presented classification, cluster designation, and representative phages are described in the cited work [46].
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Presented Phage

	
Most Similar and Representative Phages

	
Subfamily

(Proposed)

	
Taxonomy (Proposed)

	
Cluster




	
Acc. no.

	
NCBI Description






	
Acba_1

Acba_16

Acba_4

Acba_15

Aclw_8

	
NC_041866

NC_019541

	
Acinetobacter phage YMC11/11/R3177

Acinetobacter phage YMC/09/02/B1251_ABA_BP

	
Junivirinae

	
Vieuvirus

	
F3




	
Acba_3

Aclw_9

Acba_18

Acba_14

Acba_11

Acba_13

	
MH115576

	
Acinetobacter phage AM106

	
Junivirinae

	
Shemyakinvirus

	
F1




	
Acba_6

	
MN604239

NC_042007

KR149290

	
Acinetobacter phage vB_AbaP_APK87

Acinetobacter phage vB_ApiP_P2

Acinetobacter phage Fri1

	
Beijernickvirinae

	
Friunavirus

	
E2
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