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Abstract

:

In this study, we isolated and characterized three novel virulent Autographiviridae bacteriophages, vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola, which infect different Aeromonas strains. These three host–pathogen pairs were derived from the same sampling location—the arsenic-containing microbial mats of the Zloty Stok gold mine. Functional analysis showed they are psychrotolerant (4–25 °C), albeit with a much wider temperature range of propagation for the hosts (≤37 °C). Comparative genomic analyses revealed a high nucleotide and amino acid sequence similarity of vB_AspA_Bolek and vB_AspA_Lolek, with significant differences exclusively in the C-terminal region of their tail fibers, which might explain their host range discrimination. The protein-based phage network, together with a phylogenetic analysis of the marker proteins, allowed us to assign vB_AspA_Bolek and vB_AspA_Lolek to the Beijerinckvirinae and vB_AspA_Tola to the Colwellvirinae subfamilies, but as three novel species, due to their low nucleotide sequence coverage and identity with other known phage genomes. Global comparative analysis showed that the studied phages are also markedly different from most of the 24 Aeromonas autographiviruses known so far. Finally, this study provides in-depth insight into the diversity of the Autographiviridae phages and reveals genomic similarities between selected groups of this family as well as between autographiviruses and their relatives of other Caudoviricetes families.
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1. Introduction


Bacteria of the Aeromonas genus are Gram-negative rods, widely distributed in a variety of environments, but they mainly inhabit aquatic habitats, such as rivers, lakes, ponds, seas, and wastewaters [1]. Some Aeromonas species have been found to be pathogens of warm-blooded animals, including humans [2]. They are also fish pathogens, causing septicemia and ulcerative diseases [3]. The most important Aeromonas species responsible for fish infection are A. hydrophila and A. salmonicida [4,5,6,7]. In view of the rapid emergence of antibiotic-resistant bacteria, new therapeutic approaches are being sought [8,9]. One of them is bacteriophage therapy [10,11].



Bacteriophages (phages for short) are viruses infecting bacteria, that are present in every environment. They are the most abundant biological entities in the biosphere, with estimated numbers of 1031 virions [12]. Due to their biological properties, phages have been considered potential antimicrobial agents [10,13]. Therefore, numerous studies about these natural predators of pathogenic Aeromonas spp. have been conducted to isolate and characterize phages that can be used in phage therapy [14,15,16,17]. Most of them were isolated from sewage and wastewater. Currently, 122 genomes of phages infecting Aeromonas strains are deposited in the NCBI GenBank database (20 February 2022). Twenty-four of them belong to the Autographiviridae family (Table S1). All members of the Autographiviridae family encode their own single subunit RNA polymerase and share a common unidirectional gene arrangement [18,19]. Based on the genome organization and RNA polymerase gene localization, four subgroups of the Autographiviridae family were distinguished—the T7-like, SP6-like, phiKMV-like, and P60-like phages [19]. For many years, representatives of Autographiviridae were considered strictly virulent, although a few putative prophage elements classified as T7-like Autographiviridae were identified in the Xanthomonas axonopodis, Pseudomonas putida, and Burkholderia pseudomalle genomes [20,21]. Recently, an autographivirus Pasto was found to be able to enter the lysogenic cycle in its host Agrobacterium sp. [22], making it the first active temperate Autographiviridae phage and starting point for the identification of T7-like prophages in a wide variety of Gram-negative and several Gram-positive bacterial genomes. Another functional temperate Autographiviridae was Teseptimavirus S2B, infecting the Caulobacter crescentus strain CB15 [23]. Nonetheless, all of the 24 known Autographiviridae phages infecting the genus Aeromonas are virulent (Table S1). The majority of them were isolated from polluted waters and sewage using the type strains (e.g., Aeromonas salmonicida subsp. salmonicida ATCC 33658, Aeromonas hydrophila ATCC 7966) and other fish or human pathogenic strains as hosts (Table S1). In this group, the only case when phages and their hosts were derived from similar sample isolation sites are Atoyac phages isolated from sewage and different rivers contaminated with sewage discharge in central, northern, and southern Mexico [24]. Therefore, there is not much information available about the natural host–parasite relationships between Aeromonas spp. and Autographiviridae phages.



Here, we report three novel virulent Autographiviridae phages, vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola, (henceforth referred to as Bolek, Lolek, and Tola, respectively) infecting different, yet closely related, Aeromonas spp. strains—MR7, MR19, and MR16, respectively. All of these host–pathogen pairs were derived from the same sampling place—microbial mats present in the arsenic-contaminated bottom sediments of the closed Zloty Stok gold mine (Western Sudetes, Poland), which was in operation from the early Middle Ages to 1961. Therefore, to our best knowledge, they are the first Aeromonas–autographivirus phage–host systems recapitulating natural relationships. Many indigenous bacteria of the Zloty Stok gold mine are not only arsenic-resistant but are also capable of environmental arsenic metabolism; for example, Aeromonas salmonicida strain O23A, the first representative of this genus able to perform dissimilatory arsenate reduction [25]. Following induction with mitomycin C, the phiO23A myovirus of the O23A strain was obtained [25]. Unlike temperate phiO23A, the three Aeromonas phages investigated in this study, Bolek, Lolek, and Tola, are virulent. They were characterized here in terms of their morphology, infection kinetics, and genomics, which turn out to be the starting point for the comparative analysis of genomes of the Autographiviridae family.




2. Materials and Methods


2.1. Bacterial Strains and Culture Conditions


Reasoner’s 2A (R2A) or lysogeny broth (LB) media and aerobic conditions were used for bacterial isolation and culture enrichment. Isolates were cultured in 50 mL of medium in flasks or on agar-containing plates at temperatures of 10–20 °C. The bacterial hosts of investigated phages, Aeromonas sp. MR7, MR16, and MR19 were isolated from microbial mats of the Zloty Stok gold and arsenic mine, collected in September 2018. The mat samples were diluted in 0.7% NaCl and directly plated on the R2A agar. The obtained colonies were used to isolate pure cultures. To obtain a number of the other bacteria from the microbial mat and biofilm samples of the Zloty Stok collected at different times (April or September 2018, February or July 2021), two methods were used. One was the same procedure as described above, and in the second, plating on the LB or R2A agar was preceded by 7 days of incubation of the mat or biofilm samples in LB or R2A media with shaking at 10 °C (Table S2). All other bacteria used in the host range spectrum determination (Table S2) were cultured on the LB or R2A agar at 20 °C.




2.2. Isolation of the vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola Phages


Phages vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola were isolated from microbial mats of the Zloty Stok mine collected at the same time, that is, September 2018, as were the samples used for the isolation of the Aeromonas sp. MR7, MR16, and MR19 strains using the method described previously [26]. For the long-term storage of the phage suspensions at 4 °C, saline magnesium buffer (100 mM NaCl, 50 mM of Tris HCl (pH 7.5), 8 mM of MgSO4 × 7H2O) was used.




2.3. Transmission Electron Microscopy (TEM)


TEM analysis was conducted as described previously [27]. The visualization of the phages was performed at the Core Facility of the International Institute of Molecular and Cell Biology (IIMCB, Warsaw, Poland).




2.4. Temperature Range of Bacterial Growth


The Aeromonas sp. MR7, MR16, or MR19 strains were plated with the use of the streak plate technique. The plates were incubated for 96 h at various temperatures ranging from 4 to 42 °C and examined after every 24 h. The data were obtained from three independent experiments.




2.5. Bacterial Growth Curve


LB or R2A media (9.8 mL) was mixed with 0.2 mL of the overnight cultures of the Aeromonas sp. MR7, MR16, or MR19. The cultures were grown at 10 or 20 °C with shaking (150 rpm). At appropriate time points, the OD600 absorbance was measured using a Sunrise Absorbance Reader with Magellan software (Tecan Austria GmbH, Grödig, Austria). The data were obtained from three independent experiments.




2.6. Testing the Influence of Various Temperatures on the Phage Plaque Formation


To test the influence of various conditions on the phage plaque formation, 10 µL drops of the Bolek, Lolek, and Tola phage suspensions, with a concentration of 1011 (108 for Tola phage) to 102 PFU/mL, were applicated onto the surface of double-layer R2A agar plates inoculated with the appropriate bacterial strain (Aeromonas sp. MR7, MR19, and MR16, respectively). In each case, the plates were incubated for 96 h at various temperatures from 4 to 37 °C and examined after every 24 h. The data were obtained from three independent experiments.




2.7. Thermal and pH Stability of the Phages


For thermal stability testing, 10 μL of the phage lysate (1011 PFU/mL for Bolek and Lolek, 108 for Tola) was added to 990 μL of the R2A medium and incubated at 25, 30, and 40 °C. A control sample was incubated at 20 °C. After 10, 20, or 30 min, the numbers of PFU were determined by serial dilution of the phage mixtures and a plaque assay on R2A double agar plates with Aeromonas sp. MR7, MR19, and MR16 as hosts. Plates were incubated for 24 h at 20 °C. The data were obtained from three independent experiments.



For pH stability testing, 10 µL of the phage lysate (1011 PFU/mL for Bolek and Lolek, 108 for Tola) was added to 990 µL of the R2A medium with different pH levels of 3, 5, 9, 11, and 13 (adjusted using NaOH or HCl), and incubated for 10, 20, or 30 min at RT. Control phage samples were incubated at pH 7 and RT, respectively. The numbers of PFU were determined by serial dilution of phage mixtures and plaque assay on R2A double agar plates with Aeromonas sp. MR7, MR19, and MR16 as hosts. The plates were incubated for 24 h at 20 °C. The data were obtained from three independent experiments.




2.8. Adsorption Kinetics


Adsorption assays were performed as described previously [28] but with modifications. The Bolek, Lolek, and Tola phage suspensions (10 µL; 108 PFU/mL) were mixed with 990 µL of the overnight culture of the Aeromonas sp. MR7, MR19, and MR16, respectively, to obtain a multiplicity of infection (MOI) of 0.01. The phages mixed with hosts were incubated in LB and R2A media without shaking at 20 °C. After 2.5, 5, 10, and 15 min, samples were collected and centrifuged to remove the cells with adsorbed phage particles. The supernatant was used in a plaque assay on double agar plates with the same medium to determine the unabsorbed phage titer. In the case of the experiment with the Bolek and Lolek phages incubated with hosts in LB medium, R2A double agar plates were used for better visualization of the plaques. The plates were incubated for 24 h at 20 °C. The number of adsorbed phages was determined based on the ratio between the starting concentration of the phages added and the concentration of the unadsorbed phages. The data were obtained from three independent experiments.




2.9. One-Step Growth Curve


One-step growth curves were determined as previously described by Oliveira et al. [29] with modifications. LB or R2A media (9.8 mL) was mixed with 0.2 mL of the overnight cultures of the Aeromonas sp. MR7, MR19, or MR16. The cultures were grown at 20 °C with shaking (150 rpm) until OD600 = 0.2 and then infected with the Bolek, Lolek, or Tola phages at an MOI of 0.001. After 15 min of adsorption, the mixtures were centrifuged (5000× g, 1 min), suspended in 10 mL of fresh LB or R2A media, and further carried out at 20 °C with shaking (150 rpm). The number of phage-infected bacterial cells (infection centers, ICs) was determined at 1 min after infection as the numbers of PFU/mL by mixing 10 μL of the culture sample with an overnight culture of the host and 3 mL of top agar. Then, at the appropriate time points, the PFUs were determined by serial dilution of the suspension collected from the culture flask and standard plaque assay on double agar plates with the relevant medium. In the case of tests conducted in liquid LB medium, R2A double agar plates were used for better visualization of the Bolek and Lolek plaques. The plates were incubated for 24 h at 20 °C. The burst size was presented as PFU/IC. The data were obtained from three independent experiments.




2.10. Determination of Phage Host Range by Spot Testing


The phage host range was determined by an application of 10 µL drops of serial dilutions of the Bolek, Lolek, and Tola phage suspensions onto the surface of double-layer LB or R2A agar plates inoculated with the appropriate bacterial strain (Table S2) to obtained single plaques. The data were obtained from three independent experiments.




2.11. DNA Isolation and Sequencing


The total DNA of the Aeromonas sp. MR7, MR19, and MR16 strains were extracted from the overnight culture carried out in the LB medium with a Genomic Mini Kit (A&A Biotechnology, Gdansk, Poland). Whole-genome shotgun sequencing was conducted by Biobank Lab, University of Lodz (Lodz, Poland), on an Illumina MiSeq platform in the paired-end mode of 2 × 250 cycles.



The total DNA of the Bolek, Lolek, and Tola phages were isolated by phenol–chloroform extraction and isopropanol precipitation [30]. Phage genome sequencing was performed by Eurofins Genomics (Ebersberg, Germany) on an Illumina NovaSeq 6000 platform in the paired-end mode of 2 × 150 cycles.



The quality of each of the obtained datasets was investigated with FastQC v0.11.5 [31] and then processed with fastp v0.23.1 with the following parameters: cut_window_size 6; cut_tail; cut_mean_quality 19; length_required 50; n_base_limit 5; trim_poly_x; poly_x_min_len 10; correction; overlap_len_require 20; overlap_diff_limit 5; cut_front 15 [32]. The filtered reads were then assembled with SPAdes v.3.15.3 in a careful mode using the following k-mers list: 33,55,77,99,127 [33]. Assembled contigs were then subjected to the analysis of genome coverage based on the filtered reads, remapping with the application of bwa mem v.0.7.17-r1198-dirty [34] and samtools v.1.10 [35]. The genome coverage was then used to manually filter out bacterial contigs with low coverage. Moreover, the filtered reads were used for PhageTerm v.1.0.12 analysis to identify phage packaging systems [36].




2.12. Genome Annotation


The analysis of the nucleotide sequence of phages was performed using Clone Manager 8 (Sci-Ed) and Artemis v16.0.0 software [37]. The genomes were automatically annotated using the RASTtk [38] in phage mode on the PATRIC website [39]. The annotations were manually verified using the BLASTP (NCBI NR database) [40], HHpred (PDB_mmCIF70_12_Oct, SCOPe70_2.07, COG_KOG_v.1.0, Pfam-A_v35, and NCBI_Conserved_Domains (CD)_v3.18 databases) [41], Pfam [42], UniProt [43], and InterPro [44] databases. Putative transposable elements were identified using the ISFinder database [45]. Virulence factors were retrieved for each genome annotation from the specialty genes tab on the PATRIC website. Additionally, bacterial genomes were searched with the Prokaryotic Antiviral Defence LOCator (PADLOC) database and its webserver to discover putative defense systems [46].




2.13. Comparative Genomics Analysis


The comparison of bacterial strains and annotation of orthologous gene clusters among them were carried out using OrthoVenn2 using an e-value of 1 × 10−15 as a threshold [47]. Comparative genomics of the phage genomes was performed with the application of Clinker using the default settings [48]. If necessary, the genomes were circulated and reoriented to enhance the overview of genome structure conservation. The genomes of the Bolek, Lolek, and Tola phages were also compared with other known phage genomes recovered from the INPHARED database (as of the 1 December 2021 release) [49] with the application of vConTACT2 v0.9.20 as described previously [50]. All of the analyzed networks were visualized with Gephi v.0.9.2 [51], and the nodes were laid out in a two-dimensional space with the application of the ForceAtlas 2 [52] and Noverlap algorithms. For phylogenetic analysis of the major capsid and RNA polymerase proteins, these were first aligned with the default mafft v7.310 setting and further processed with IQ-TREE v1.6.1 using the LG+F+R7 model and 1000 replicates of UltraFast bootstrap analysis and the SH-aLTR test [53,54,55,56].




2.14. Nucleotide Sequence Accession Numbers


The draft genomes of the Aeromonas sp. MR7, MR19, and MR16 as well as the Bolek, Lolek, and Tola phage genomes can be accessed under the following GenBank accession Nos: JAKZFJ000000000, JAKZFL000000000, JAKZFK000000000, OM913597, OM913598, and OM913599.





3. Results and Discussion


3.1. Identification and characterization of the Hosts


The Aeromonas sp. MR7, MR16, and MR19 strains were isolated from microbial mats of the Zloty Stok gold and arsenic mine (see Section 2.1). The genomic DNAs of the MR7, MR16, and MR19 strains were isolated and sequenced. The reconstruction of their genomes resulted in 54–97 contigs with a total length of 4,655,773–4,883,405 (Table 1). The overall GC content of the chromosomes is 60.2–60.9%, which is consistent with the other sequenced Aeromonas genomes, with GC content ranges between 58.17% and 62% [57]. The analysis of the MR7, MR16, and MR19 genomes with the RAST annotation system available on the PATRIC platform [38,39] revealed the presence of antibiotic resistance genes and putative virulence factors that indicate their virulence potential despite being environmental isolates (Table 1 and Table S3). Three prophages were identified in the MR16 genome and one in the genomes of MR7 and MR19 (Table 1). Additionally, a putative extrachromosomal element (3241 bp), similar to the pO23AP1 plasmid of the Aeromonas salmonicida strain O23A (GenBank CP021655.1), was found in the MR7 genome. Apart from prophages and plasmids, the mobilomes of MR7, MR16, and MR19 comprise a number of putative transposable elements. In total, 14–52 genes encoding transposases were found (Table 1). According to the ISFinder database [58], they belong to nine families—IS110, IS1595, IS256, IS3, IS4, IS481, IS5, IS66, IS91, and ISNCY. Insertion sequences belonging to similar families were identified in the O23A genome, also originating from the Zloty Stok mine. The Aeromonas salmonicida strain O23A comprises 22 genes encoding the transposases of transposable elements belonging to eight families [59], among which five are the same as these identified in the MR7, MR16, and MR19 strains. The overall comparison of the MR7, MR16, and MR19 genomes with O23A revealed 3214 of 3559–4142 common protein clusters (Figure S1).



Since our goal was to use the MR7, MR16, and MR19 strains as hosts for viruses, we performed the mining of their genomes for defense potential. The annotation of the genomes and the Restriction Enzyme Database (REBASE) [60] allowed us to identify one putative Type I restriction–modification (RM) system in each genome, showing, in the case of MR7 and MR16, similarities to known RM systems that differ with respect to the target sequences AspNIH5II (CAAGN7CTGC) and Aca75I (ACAGN5CTA), respectively. In the MR19 genome, we found not only a Type I, but also a Type II RM system with putative CTGCAG sequence specificity. Further, we used the Prokaryotic Antiviral Defense LOCator (PADLOC) database and its web server [46] to discover many more putative defense systems, for example, in MR7, a bacteriophage exclusion defense system (BREX) that blocks phage replication and discriminates between host and phage DNA by methylation patterns [61,62]; in MR19, two retron systems that employ various specialized reverse transcriptases fused at the C-termini with different domains (TIR or TOPRIM) [63,64]; in MR16, a membrane-associated kiwa system [65] and pyrimidine cyclase system (Pycsar) [66]. It is worth emphasizing that each analyzed genome hosted a variety of defense systems for protection against foreign DNA, and neither was present in any other strain (Table S4). We have not found any CRISPR system within the MR7, MR16, and MR19 genomes, which in turn was detected in O23A [25]. Although some of its CRISPR spacers matched several Aeromonas phages, none of them showed sequence similarity to the genome sequences of phages identified in this study.



Analyses performed on the plates with LB and R2A media showed that MR7, MR16, and MR19 could grow at various temperatures ranging from 4 to 37 °C (Table S5), similar to the O23A strain; however, unlike it, they were not able to grow at 42 °C [59]. Moreover, the growth curves of MR7, MR16, and MR19 strains show that the LB liquid cultures reached OD600 = 0.3 after 7 h of incubation at 20 °C and after 18–21 h incubation at 10 °C (Figure S2). Nonetheless, there was no significant difference between the generation times in the LB versus the R2A media at 20 °C (about 3 h). At 10 °C, the LB liquid medium cultures of all three strains had generation times of about 3–4 h; however, in the R2A, cell doubling was achieved only by MR19 (after 5 h). In summary, despite the ability of the studied strains to grow at low temperatures (they were isolated from a constant low-temperature environment and showed this capacity in the laboratory condition), the MR7, MR16, and MR19 strains had optimal growth temperatures of ~20°, and therefore, can be considered psychrotolerant [67]. In addition, they seemed to prefer nutrient-rich media, as they grew faster in LB versus R2A, although they must also be well adapted to the nutrient-sparse environment from which they originated.




3.2. Identification and Functional characterization of Phages


3.2.1. Identification of the vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola Phages


The Aeromonas sp. MR7, MR19, and MR16 strains were used as potential hosts for bacteriophages from the microbial mat samples of the Zloty Stok gold mine, which resulted in the isolation of the vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola phages called Bolek, Lolek, and Tola for short. Electron micrographs of the negatively stained virions (Figure 1a,c,e) showed icosahedral heads of approximately 66–68 nm, with very short tails. This Podoviridae-like tail-morphotype together with genomic analysis (i.e., the presence of genes encoding RNA polymerase; see Section 3.3), indicated that Bolek, Lolek, and Tola could be classified in the Autographiviridae family.



The Bolek, Lolek, and Tola formed clear plaques (characteristic of virulent phages) on host lawns grown on R2A agar plates, but when the LB agar plates were used instead, the Bolek and Lolek plaques were poorly visible, whereas the Tola phage formed clear, good visible plaques regardless of the medium used for its host MR16 cultivation (Figure S3). The sizes of the Bolek, Lolek, and Tola plaques were measured on the appropriate host lawn grown on R2A agar plates incubated for 72 h at 20 °C. The biggest plaques were formed by the Lolek phage (3–5 mm in diameter), while the smallest plaques (1–2 mm) were formed by the Bolek (Figure 1b,d,f and Figure S4). The Bolek plaques were surrounded by an opaque-looking halo zone that appeared 24 h after the plaque formation and increased upon prolonged incubation (Figure 1b and Figure S4). The halo zone indicated the presence of depolymerase—a virion-associated enzyme responsible for the degradation of the bacterial exopolysaccharide layer [68]. The role of the depolymerase is probably performed by the Bolek_p50 protein in which the pectate lyase domain was identified (see Section 3.3).




3.2.2. The Influence of Various Temperatures on the Phage Plaque Formation


To check how various temperatures affected the plaque formation of the Bolek, Lolek, and Tola phages, we used the double agar overlay technique. The Bolek, Lolek, and Tola phages generated plaques on the R2A bacterial lawn when their hosts were cultivated at 4–30 °C; however, no plaques were observed at 37 °C, while their hosts were able to grow at this temperature (Table S5) and formed lawns. The ability to multiply at low temperatures (4–10 °C) allows us to consider Bolek, Lolek, and Tola as cold-active phages. The time of the plaque appearance of all three phages was related to the time of bacterial lawn formation, which in turn was associated with the incubation temperature used; at 20–30 °C, the plaques were observed after 24 h, at 10 °C after 48 h, and at 4 °C after 96 h. In the case of the Bolek phage, growing turbid halos around plaques appeared approximately 24 h after the plaque formation at 10 °C and 20 °C. However, no halo was seen at 4 °C and 30 °C even after 96 h of incubation. The simplest explanation for this result could be the narrow temperature range over which the enzyme remains active. It was shown that several depolymerases of Klebsiella autographiviruses were stable and fully active under a wide range of temperatures, unlike KP36 (a representative of the Webervirus genus), which was not temperature resistant [68,69]. On the other hand, the plaques of ZPAH7, N21, and G65 infecting A. hydrophila [70,71,72] and vB_AsM_ZHF of A. salmonicida [73] were surrounded by a turbid zone, but no experimental studies of depolymerases encoded by these phages are available. It is suggested that halo formation is caused not only by the excess of exopolysaccharide depolymerases produced inside the host during phage replication and released upon bacterial lysis but also by viral diffusion out of the lysis zone of primarily infected bacteria; thus, the presence and extent of halo would also depend on the number of phages produced in one single plaque [74]. It is, therefore, possible that the number of the Bolek phage particles produced at 4 °C and 30 °C is very low compared to the production at 10 °C and 20 °C.




3.2.3. Sensitivity to Temperature and pH of the Bolek, Lolek, and Tola Phages


To characterize the influence of physico-chemical factors on the Bolek, Lolek, and Tola, the thermal and pH stability of these phages were checked. Thermal stability tests showed that the Bolek, Lolek, and Tola phages were sensitive to temperatures above 25 °C (Figure 2a,c,e). After 30 min of incubation at 30 °C, only 45–70% of the phage particles remained active, while incubation at 40 °C resulted in an even faster loss of phage infectivity. Moreover, the Bolek, Lolek, and Tola were sensitive to pH levels lower and higher than 7 (Figure 2b,d,f). Incubation of the Bolek and Lolek phages at pH 3 and 13 resulted in the immediate loss of activity, as did the incubation of the Tola phages at pH ≤ 5 and 13, which makes the Tola phages more sensitive to acidic conditions. Based on these results, we can conclude that Bolek, Lolek, and Tola hardly tolerate conditions different from those prevailing in the Zloty Stok mine, that is, a temperature ~10 °C and slightly alkaline water (pH 7–8) [75,76]. Similarly, limited tolerances to these physicochemical factors were previously shown for Serratia BZS1 and Shewanella KASIA phages that were also isolated from the Zloty Stok mine [26,27].




3.2.4. Adsorption and One-Step Growth of the Bolek, Lolek, and Tola Phages


In order to verify whether the media richness influenced the effectiveness of the adsorption and propagation of the Bolek, Lolek, and Tola phages, we performed adsorption and one-step growth assays in both LB and R2A media. Due to the poor visibility of the Bolek and Lolek plaques formed on their host lawns cultivated on LB medium (see Section 3.2.1), plaque assays used to estimate the adsorption kinetics and one-step growth of the Bolek and Lolek phages were carried out on R2A double agar plates.



Adsorption experiments showed that in both media, the studied phages adsorbed quickly to host cells—after 2.5 min, >90% of the Bolek, Lolek, and Tola phage particles were attached to the MR7, MR19, or MR16 cells, respectively (Figure 3a,c,e). On the other hand, adsorption tests were carried out in the same conditions as for the host strains on which the studied phages were isolated showed that Bolek, Lolek, and Tola were able to adsorb exclusively to the MR7, MR19, and MR16 cells, respectively (Table S6). These results suggest that adsorption might be a crucial step in dictating the studied phages’ host range specificity.



One-step growth assay revealed almost no differences between the propagation of the Bolek, Lolek, and Tola phages in their appropriate host cells cultivated in LB and R2A media. The latency periods, rise periods, and burst sizes of these phages were almost the same regardless of the medium used (Table 2). Although it might be expected that the metabolism of the host cultivated in rich versus nutritionally reduced media would result in differences in the rate of reproduction of a virus or its titer, it did not significantly affect the efficiency of the Bolek, Lolek, and Tola multiplication. However, it is worth noting that the Bolek, Lolek and Tola phages were heterogeneous in rise periods (20–70 min) and burst sizes (~60–114 PFU/IC) (Table 2) which can be explained by multiplication in different hosts.




3.2.5. Host Range


Numerous studies have demonstrated that bacteriophages, particularly members of the Autographiviridae family, have a narrow host range [77,78,79,80]. On the other hand, some of the phages, including representatives of Autographiviridae, are able to infect multiple strains of the same species of bacteria (e.g., Aeromonas PZL-Ah8) or infect multiple species within the same genus (e.g., Aeromonas PZL-Ah1) or polyvalent ones able to multiply on different bacterial genera [81]. An exceptional example of polyvalent viruses within Autographiviridae is a group of closely related environmental Atoyac phages infecting bacteria from six genera—Aeromonas, Pseudomonas, Yersinia, Hafnia, Escherichia, and Serratia isolated from the similar sources where the phages originated [24] (Table S1). Given the possibility that the studied phages also have a promiscuous host range, we used a taxonomically diverse panel of 71 bacteria native to the Zloty Stok gold mine as potential hosts and spot tested with undiluted phage stocks. The results show that only those strains used for the initial plaque formation by Bolek, Lolek, and Tola, and a few other Aeromonas spp. isolates from the mats turned out to be susceptible to infection by the tested phages (eight for Bolek, five for Lolek, two for Tola). However, it should be emphasized that cross-infection assays failed; that is, none of the Aeromonas strains sensitive to Bolek were susceptible to infection by Lolek and Tola, none sensitive to Lolek were susceptible to Bolek and Tola, and none sensitive to Tola were susceptible to Bolek and Lolek. Interestingly, the hosts sensitive to Bolek, Lolek, or Tola were found not only on the same but also on different sampling dates (Table S2). No plaque formation was observed for either the phage on overlays of the 45 other Aeromonas strains (including O23A) or the bacteria of other Proteobacteria genera originated from Zloty Stok mats or biofilm. Moreover, none of the Aeromonas-type strains from the German Collection of Microorganisms and Cell Cultures (DSMZ) used in this study supported detectable lytic growth of either of the tested phages. In summary, the studied phages, Bolek, Lolek, and Tola, seemed to be highly host-specific, which is, as mentioned above, quite a distinctive feature of the Autographiviridae members known so far. Although it cannot be excluded that the MR7, MR16, and MR19 strains are hosts for other viruses of Zloty Stok than those tested or that the Bolek, Lolek, and Tola phages infect a significantly larger number of strains (e.g., those that are not cultivable in a laboratory), the very intriguing question remains why viruses occupying the same niche do not use all three strains for multiplication, which, as shown in Section 3.1, seem to be quite similar to each other (Figure S1). Having a broad range of hosts by a virus is a competitive advantage in oligotrophic systems where host diversity may be high, but abundance is low [82].





3.3. Genomic characterization of Phages


The genomes of all three studied phages are double-stranded DNA, with similar sizes of 42,433, 43,136, and 45,276 bp for the Bolek, Lolek, and Tola, respectively. Based on their genome sequence comparison and virion morphology, these phages were classified as representatives of Autographiviridae. The GC content of the Bolek, Lolek, and Tola genomes was from 47.4% (Tola) to 52.7% (Bolek), which is around 10 percentage points less than the average of their host genomes, respectively (Table 1; Table 3). The Bolek, Lolek, and Tola genomes were predicted to contain 57–70 putative genes (Table 3), which were located on the sense strands. The function was assigned to 27–32 of their predicted products (44–46% of the total number of genes), while the remaining ones were classified as hypothetical proteins (Table 3). No gene encoding tRNA was detected in their genomes. The annotations of the Bolek, Lolek, and Tola genomes are provided in Tables S7–S9, respectively. The analysis of the genome sequence coverage and application of the PhageTerm tool [36] revealed the presence of 314, 505, and 631 bp-long non-permuted direct terminal repeats at the end of the Bolek, Lolek, and Tola genomes (Files S1–S3), yielding their physical genomes with sizes of 42,747 bp, 43,136 bp, and 45,907 bp, respectively.



Based on the analysis of 944 Autographiviridae phage genomes, we conclude that almost all known Autographiviridae phages have genomes in the size range of 35–50 kb, making the Bolek, Lolek, and Tola phage genome lengths typical for known Autographiviridae viruses (Figure S5). However, the Tola phage has the largest genome of the known Autographiviridae members infecting Aeromonas spp. (Table S1). Similar to other Autographiviridae, the Bolek, Lolek, and Tola phages all have genes encoded solely on the Watson strand and short exact repeat ends. In addition to the quite narrow genome size range and the terminal repeats, another conserved feature of Autographiviridae is gene synteny, and the presence of the RNA polymerase gene (RNAP) that is considered to be the hallmark of this family [19]. Comparing the Bolek, Lolek, and Tola with other genomes of Autographiviridae phages and considering putative gene functions, three functional genomic regions can be distinguished—the early (host conversion) region, the DNA replication and metabolism region, and the morphogenesis region. RNAP genes encoded by Bolek and Lolek (Bolek_p37, Lolek_p38) are located downstream of the DNA replication and metabolism region (the same as in phiKMV-like phages), while Tola’s RNAP gene (Tola_p19) is located between the early and replication module typical for SP6-like phages.



The early regions of all three phages comprise numerous small genes that encode hypothetical proteins that might be involved in host shutoff. The early region of the Bolek and Lolek phages encode 19 and 18 proteins with unassigned functions (Bolek_p01-_p20, Lolek_p01-_p19), among which 13 proteins have no similarity to other gene products in the NCBI database. We were able to assign functions only to the putative early proteins Bolek_p15 and Lolek_p14, which might act as tRNA-nucleotidyltransferases (TRNT), which function with an unusual mechanism of polymerization, adding the nucleotide triplet CCA to the 3′-end of tRNAs [83]. Genes encoding TRNT have been found in many bacteriophages, including Autographiviridae viruses. Evseev et al. [84] found out that the TRNT gene was present in most genomes of Pectobacterium phages belonging to different Autographiviridae subfamilies (80% of those known at that time) and suggested considering it a possible hallmark of Pectobacterial Autographiviridae. On the contrary, the TRNT genes seem to be a rather rare feature of Aeromonas autographiviruses, as only 33% (including Bolek and Lolek phages) of them possess a TRNT gene. A BLASTP examination of the Bolek_p15 and Lolek_p14 showed very low-sequence similarity (<30%) to TRNTs of Autographiviridae phages infecting Pseudomonas. No TRNT encoding gene was found in the Tola genome. Apart from the RNAP gene (Tola_p19), the early region of Tola contains 25 genes encoding hypothetical proteins (Tola_p01-_p26), of which 18 showed no significant similarity to the others in the NCBI database. No gene encoding integrase or CI repressor, characteristic of early gene regions of temperate phages, were detected in the Bolek, Lolek, and Tola genomes.



The analysis of the DNA metabolism regions of the Bolek, Lolek, and Tola phages revealed the presence of several genes encoding proteins presumably involved in replication—DNA primase, DNA helicase, DNA ligase, DNA polymerase, DNA 5′-3′exonuclease, and DNA endonuclease VII. Interestingly, the localization of putative DNA ligase genes is different in the Bolek, Lolek, and Tola. The Bolek and Lolek ligase genes (Bolek_p27, Lolek_p26) are located between the DNA helicase and DNA polymerase genes, which is characteristic, again, for the phiKMV-like group of phages, while the ligase gene of Tola (Tola_p44) is located immediately upstream the structural genes, which is a distinguishing feature of the SP6 subgroup. Moreover, in these regions, DUF669-containing proteins (predicted as distant homologs of single-strand DNA-annealing proteins involved in DNA replication [85]), phosphatase 2a-like proteins, polynucleotide 5′ kinases, and ATPases were identified.



The late gene regions of the Bolek, Lolek, and Tola phages contain at least 10–13 genes encoding putative structural proteins. The most interesting among them seem to be tail fiber proteins, as they play a key role in adhesion receptor-mediated virion attachment and entry into the host cell. The Bolek_p50, Lolek_p54, Tola_p58, and Tola_p69 proteins were annotated as tail fiber proteins. The first three shared the T7-like N-terminal domain (pfam03906) with the gp17 of Escherichia T7 phage (Figure S6). For T7, it was demonstrated that this part of the gp17 connected with the baseplate [86]. The mutual similarities between the N-terminal segments (~148 aa) of both Bolek_p50 and Lolek_p54 and Tola_p58 were 67% and 31%, respectively (Figure S6). An HHpred search for Bolek_p50 identified a hit to pectate lyase superfamily proteins (PF12708). We suppose that this protein is responsible for the generation of halo zones around the Bolek plaques (Figure 1b and Figure S4), although this hypothesis needs experimental validation. It is also possible that Lolek and Tola have their own depolymerases not expressed under laboratory conditions (no halos around the Lolek and Tola plaques were observed at any temperature tested; Figure 1d,f) since the InterPro tool identified the beta helix domain, characteristic of depolymerases [86] in Lolek_p54 (Figure S6). Meanwhile, the pectate lyase domain, predicted to be responsible for depolymerase activity, was identified in the second tail fiber protein of Tola—Tola_p69. Therefore, the Tola phage fiber seems to consist of two different proteins, similar to the Salmonella bacteriophage SP6. It was suggested that the two tail-fiber-like proteins of the SP6 phage (gp37 and gp46) function as a complex of both types of subunits, with gp37 forming a linkage between the virion and the receptor-binding gp46 protein [87]. Thus, we suppose that the Tola_p58 and Tola_p69 are counterparts of the gp37 and gp46 of SP6. Additionally, these proteins have the same localization in the Tola and SP6 genomes and share a similar gene context (Figure S7).



In the late gene regions of Bolek, Lolek, and Tola, we also distinguished two genes encoding putative terminase subunits and the lysis cluster. Bolek_p55 and Lolek_p58 were classified as putative endolysins, as they possess the peptidase M15 domain (pfam13539) also present in the L-alanyl-D-glutamate endopeptidase of Escherichia phage T5 [88], whereas Tola_p65 probably plays a similar role because it showed similarity with its counterpart of Pectobacterium phage PP99 [89] and Pseudomonas phage MR4 [90]. All other products encoded by genes in putative lysis clusters contain transmembrane helices (Bolek_p56, Bolek_p57, Lolek_p59, Lolek_p60, Tola_p59, Tola_p62, Tola_p67, and Tola_p68). These may act as holins and spanins.




3.4. Comparative Analysis of the Bolek, Lolek, and Tola Phages


The mutual comparison of the nucleotide sequences of the Bolek, Lolek, and Tola genomes showed that only Bolek and Lolek are similar to each other at a significant level, that is, with a query coverage of 84% and sequence identity of 92.72%. The most variable segments of the Bolek and Lolek genomes are in genes encoding hypothetical proteins mostly located in the early regions and tail fiber genes (Figure S8). Similar observations were made for other Autographiviridae representatives, that is, Fri-like phages infecting Acinetobacter (AS11, AS12, Fri1, vB_AbaM_IME200, Abp1, phiAB1, phiAB6, vB_AbaP_PD-AB9, and vB_AbaP_PD-6A3) were highly similar at the DNA level but differed in early genes and genes encoding tail fiber proteins [91].



Protein-based sequence similarity analysis conducted with Clinker [48] showed that the Bolek, Lolek, and Tola phages share a sequence similarity (of at least 30% sequence identity) among four proteins involved in DNA metabolism (phosphatase 2a-like protein, polynucleotide 5′ kinase, ATPase, DNA ligase) and terminase large subunits (Figure 4). Moreover, Lolek and Tola share one small hypothetical protein (Lolek_p37 and Tola_p17) whose counterpart is not present in the Bolek genome (Figure 4) [92]. Although the Bolek and Lolek phages encode several unique small hypothetical proteins (Figure 4; CDSs without labels), they share 51 of 57–61 proteins (83–89%) (Figure 4). In addition, the Bolek and Lolek tail fiber proteins (Bolek_p50 and Lolek_p54) (except for their N-terminus—see Section 3.3) demonstrate a significant difference in the amino acid sequence. It was shown before that the host range is often associated with specific interactions between the C-terminal end of the tail fiber protein and the receptor on the susceptible host cell [93,94]. In particular, host range modification of T7-like phages has been achieved through the exchange of C-terminal domains within their tail fiber genes [95]. Thus, the differences in the amino acid sequences of the C-terminal part of the tail fiber proteins of Bolek and Lolek and the nonhomologous tail fiber protein Tola_p69 (see Section 3.3, Figure S6) may explain the different host preferences of the studied phages. In particular, this might be an explanation for the adsorption test results (see Section 3.2.4), which showed that Bolek, Lolek, and Tola were able to adsorb exclusively to the MR7, MR19, and MR16 cells, respectively (Table S6).




3.5. Comparative Analysis of the Bolek, Lolek, and Tola with Other Phages


A comparison of Bolek, Lolek, and Tola at the nucleotide level with the content of the NCBI nucleotide database using BLASTN revealed that they all share low nucleotide sequence coverage and identity with other known phage genome sequences showing their distinctness. In particular, the genome coverage ranged between 0.7 and 10%, and sequence identity ranged between 71 and 75%. Since each of the studied phages showed a very low degree of nucleotide sequence similarity to known viruses, and even Bolek and Lolek differ more than 5% from each other at the nucleotide level. These three phages can be considered as three novel species within Autographiviridae based on the current ICTV guidelines (criterion of 95% DNA sequence identity for the demarcation of species) [96,97].



In order to further examine the relationship between Bolek, Lolek, and Tola and to refine their taxonomic status, a protein-based phage network was generated with vConTACT2 [50] and the INPHARED database (1 December 2021 release, over 17,470 phage genomes) [49]. From the resulting network, all phages classified as Autographiviridae (or the ones connected with them via edges) were retained, which resulted in a final network of 972 phages, among which 944 belonged to the Autographiviridae family (including the Bolek, Lolek, and Tola ones) (Figure 5). Most of these phages (919 of 944) infect Gram-negative bacteria, that is, Alphaproteobacteria (79), Betaproteobacteria (34), Gammaproteobacteria (804, including 27 Aeromonas hosts), and Cyanophyceae (31) (Figure S9). Two autographiviruses infect Gram-positive bacteria of the Bacilli class (Enterococcus phages EFA-1,MT350292.1 and EFA-2,MT350293.1), and the host of the 23 others is unknown (their genomes were derived from metagenomic studies). The presented analysis comprised a significantly higher number of Autographiviridae genomes than any previous comparative genomic studies of this family; therefore, we decided to take advantage of this opportunity and evaluate these data in addition to determining the taxonomic affiliation ofBolek, Lolek, and Tola.



Within the protein-based phage similarity network, seven independent subgraphs (Figure 5; SG1–SG7) were distinguished, and within them, multiple cliques (groups of closely related phages) were observed. The majority of phages located in SG1 and SG2 (composed of four and three cliques, respectively) and one phage from SG3 were classified as the most numerous subfamily of Autographiviridae–Studiervirinae. Among the representatives of the Studiervirinae subfamily, there were four Aeromonas phages—one within SG1 and three within SG2. Within these three subgraphs (and other subgraphs in Figure 5), several phages unassigned at the subfamily level could also be found, and we propose here to classify some of them into particular taxonomic ranges (mostly to subfamilies) according to their already classified neighbors. For example, the localization within the network and vConTACT status suggest that Pasteurella phage vB_PmuP_PHB02 of SG1, Delftia phage IME-DE1, and five Ralstonia phages located in SG2 could be assigned to the Studiervirinae subfamily (Figure 5; colored grey; Figure S10, Table S10). In the case of SG3, which consisted mostly of unclassified viruses, there was one recently described Studiervirinae phage [23], Teseptimavirus S2B, which implies that other phages of at least the S2B clique might be its subfamily relatives. However, it must be noted that unlike other subgraphs comprising Studiervirinae phages, SG3 was more heterogeneous as it consisted of not only unclassified autographiviruses (of which many were obtained from metagenomic studies) but also Sipho-, Podo-, and Zobellviridae phages. Two Roseobacter zobellviruses, CRP-4 and CRP-5 [98] are similar to the Pelagibacter autographivirus HTVC031P [99] through an endonuclease and two hypothetical proteins (Figure S10). Additionally, HTVC031P shares an exonuclease and DNA polymerase with CRP-5 and CRP-4, respectively. (Figure S11). Thirteen Pelagibacter podo- and 22 autographiviruses, together with seven uncultured phages, shared a few small proteins with unknown functions (Figure S12). In addition, the same autographiviruses shared a DNA polymerase and primase with the other three Pelagibacter podoviruses (Figure S12). Furthermore, the Pelagibacter siphovirus Kolga [100] and more than 20 autographiviruses showed significant sequence identity over a DNA primase, ribonucleotide diphosphate reductase subunits, and a few small hypothetical proteins (Figure S13). Moreover, two Synechococcus siphoviruses, KBS-S-2A [101] and S-CBS4 [102], were similar to Synechococcus autographiviruses S-SRP02 [103], S-B28 (NC_048171.1), and S-SRP01 [104] through a few hypothetical proteins (Figure S14). It has not escaped our attention that the above-mentioned phages of the SG3 subgraph infect similar hosts, that is, marine bacteria of the Alphaproteobacteria class (often of the same taxonomic genus). Therefore, in the future, it would be interesting to verify whether these shared proteins (especially those with unknown functions) allow the phages to “take over” host functions.



Another subgraph, SG4, creates a dense clique of phages assigned to the Melnykvirinae subfamily, among which the majority of known Autographiviridae phages infecting Aeromonas (17) were located. It is worth noting that these Aeromonas autographiviruses were isolated from seven geographically distant places (Australia, India, Mexico, China, Poland, Taiwan, and South Korea, Table S1).



Within SG5, there are two cliques of Colwellvirinae and Molineuxvirinae representatives exclusively connected to each other through four Gajwadongvirus members (unassigned so far at the subfamily level) acting as bridges. Here, Tola clustered with the 19 Colwellvirinae, among which there were two Aeromonas phages (MJG [105] and HJG, MK455770.1) and the four above-mentioned Gajwadongvirus phages (Figure 5; SG5; Table S11). The Clinker alignment showed that Tola shared 30–33 and 20 out of 52 proteins with Gajwandongviruses and Colwellvirinae members, respectively (Figure S15). In both cases, these were proteins involved in DNA replication and metabolism and proteins encoded by genes located in the structural module; however, polynucleotide 5′ kinase and ATPase, internal virion proteins B and C, the tail fiber adaptor, and the head fiber were exclusively similar to Gajwadongviruses’ proteins (Figure S15). The vConTACT analysis classified both Tola and Gajwadongviruses with the same overlap status, and the insightful inspection of their genome alignments revealed high similarity between the proteins they encode. This allows us to consider Tola as another representative of the Gajwadongvirus genus. Furthermore, considering the fact that the number of Gajwadongviruses increased from two to five in comparison with the last ICTV taxonomic ratifications [96], the degree of protein similarity combined with the analysis of genome alignments of Gajwadongvirus with Colwellvirinae and Molineuxvirinae phages (between which they act as bridges) suggests that Gajwadongvirus should be considered another genus of the Colwellvirinae subfamily (Table S10). This claim of assignment of Tola and other gajwadongviruses to the Colwellvirinae subfamily is strongly supported by the results of the phylogenetic trees constructed using RNA polymerase and major capsid proteins (Files S4 and S5).



The SG6 comprises only phages that have not yet been assigned to any subfamily. Among these, there are 23 phages infecting Alphaproteobacteria (Rhizobium spp., Agrobacterium spp., Stappia spp.) and 5 infecting Gammaproteobacteria (Vibrio spp., Alteromonas spp.) (Figure 5; colored grey; Table S12). Since SG6 clearly distinguishes itself from the remaining subgraphs (subfamilies) and gathers 28 presumably related Autographiviridae phages, it could be considered a candidate for a novel subfamily.



Finally, SG7 is composed of viruses belonging to five Autographiviridae subfamilies (Figure 5) organized in separate cliques connected with others through single viruses acting as bridges and emphasizing the mosaic feature of these phage genomes. The Bolek and Lolek phages are located in SG7. Bolek and Lolek gather with 54 Beijerinickvirinae representatives (most of which are almost identical Acinetobacter phages) and with the Aeromonas phage PS (uncharacterized and yet unclassified autographivirus, MT259468.1), which acts as a bridge between the Beijerinckvirinae and Slopekvirinae cliques. Additionally, Bolek and Lolek directly connect to one of the members of the Slopekvirinae—the Shigella phage HRP29 (NC_048174.1) (Table S13). The Clinker comparison showed that the Bolek and Lolek phages demonstrated similarity to Beijerinckvirinae phages through 10–14 of 57–61 proteins, respectively, and through 15 (of 57–61) to the Shigella phage HRP29 (Figure S16). These were some proteins involved in DNA replication and metabolism (helicase, ligase, polymerase, 5′-3′exonuclease, endonuclease VII), RNA polymerase, structural proteins (virion assembly, head–tail connector, scaffolding, major capsid, tail tubular A and B proteins), and terminase small and large subunits. Nonetheless, most of the proteins (18 of 57–61) of the Bolek and Lolek were shared with the Aeromonas virus PS, and in addition to those mentioned above, two proteins with unknown function and internal virion proteins B and C (Figure S16). The vConTACT VC classified both the Bolek and Lolek phages with the same overlap status, partially covering only one Beijerinckvirinae—the Acinetobacter phage vB_AbaP_Acibel007 [106] (Table S13). Based on the localization within the network and the phylogenetic trees obtained using RNA polymerase and major capsid proteins (Files S4 and S5), the Bolek, Lolek, and PS phages could be considered as members of the Beijerinckvirinae subfamily. According to the ratification of Autographiviridae and the thresholds of 50% and 95% of nucleotide sequence identity for genus and species determination, respectively [97], Bolek and Lolek presumably represent two distinct species (see above) of a novel genus (with the proposed name Bolekvirus).



It must also be noted that within the SG7 subgraph, there are also phages that are not yet classified into any subfamily (Figure 5; colored grey); however, based on their co-localization and vConTACT’s classification, most of them might be assigned to the subfamily of the phages clustered with them (Table S10). Among these subclusters, there is also another example of inter-family connections between phages. This includes autographiviruses (10 Okabevirinae phages and 9 phages yet unassigned to any subfamily but located within the Okabevirinae clique) and six siphoviruses infecting Stenotrophomonas (BUCT603, MW934263.1) and Xanthomonas hosts (phiL7 [107], CP1 [108], OP1 [109], Xp10 [110], and Xop411 [110]). Similarities are shared through the entire replication module (Figure S15), that is, their DNA primases, DNA helicases, DNA polymerases, DUF669-containing proteins, 5′-3′ exonucleases, DNA endonucleases VII, ribonuclease H-like domain-containing proteins RNA polymerases, and lysozymes (Figure S17). It is worth emphasizing that besides protein homology, the order of genes encoding them is also conserved and follows the canonical phiKMV-like gene order [111]. Moreover, phages OP1, Xop411, and Xp10 share DNA ligases with autographiviruses; however, the localization of genes encoding them is different (downstream RNAP gene) than in the genomes of phiKMV-like phages (upstream RNAP gene, Figure S17). The presence of the homologous replication region and lysozyme in both the sipho- and autographiviruses infecting the bacteria of the closely related genus of the Xanthomonadaceae family (Stenotrophomonas, Xanthomonas, Xyella) may be explained as a result of the adaptation of the replication and lysis processes to the similar host mechanisms and similar structure of the cell wall, respectively. However, the presence of the RNA polymerase itself in this set of homologous proteins is a very interesting issue as the occurrence of the RNAP gene in the genomes of Siphoviridae phages is very rare, while it is the hallmark of the Autographiviridae family. RNAP genes were also identified in two other siphoviruses infecting Gammaproteobacteria—the Colwellia phage 9A [112] and the Shewanella KASIA phage [26]. However, in this case, RNAP genes precede structural modules and are in the opposite orientation to the replication modules.



The presented analysis is congruent with the recent taxonomic ratification of autographiviruses [96] and previous comparative studies of the Autographiviridae family that focused mostly on phylogenetic analyses of individually characterized viruses in relation to their closest relatives based on the major capsid protein [113,114,115,116] terminase large subunit [93,113,115,116,117,118], RNA polymerase [91,114,116,117,118], DNA polymerase [23,114,116,119], tail tubular proteins [120], or head–tail connector [114] used as marker proteins, as well as with the analyses of the whole proteome of some groups of Autographiviridae representatives known at that time [22,84,121] using different databases (RefSeqv88, NCBI GenBank, and ACLAME, respectively). However, our global approach is the first to use a much larger number of phages (over 17,470 available in the INPHARED database) than was included in previous studies, adding recently discovered autographiviruses and those from metagenomic studies. Along with the support of phylogenetic analyses and insightful inspection of the similarities between the selected groups of phages, it provides broader insight into the relationships among the members of this family and the identification of their connections with representatives of other families. Finally, it also allows for updating the taxonomic position of 62 previously unclassified phages mainly because their potential taxonomic rank was under-sampled.





4. Conclusions


In this study, we described three novel virulent Autographiviridae phages—vB_AspA_Bolek, vB_AspA_Lolek, and vB_AspA_Tola—infecting different, yet closely related Aeromonas strains (MR7, MR19, and MR16, respectively) cohabitants of arsenic-containing microbial mats present in the Zloty Stok gold mine. To our best knowledge, these host–pathogen pairs are the first truly environmental Aeromonas-autographivirus systems that, it is worth emphasizing, coexist in the same community. The host ranges of the studied phages were restricted to individual strains from the gold mine without cross-infections—the host for one phage was a “nonhost” for the others. Bolek and Lolek seem particularly interesting as they are very similar to each other at the nucleotide level and share most of the proteins, except the highly diverged middle and C-terminal regions of their tail fibers. Thus, in the future, these phages can become a model system to investigate the properties of capsid proteins important for host range discrimination.



The studied phage–host systems were isolated from a constant low-temperature environment. The experimental analysis confirmed cold activity (i.e., efficient production of plaques at 4–25 °C) of all three phages and the cold tolerance of their host, albeit with a much wider temperature range of propagation (4–37 °C). This is another example from this gold mine of the phage–host system where bacteria seem to have greater flexibility to live in variable parameters of the environment than their parasites [26].



The nucleotide sequence analysis of the Bolek, Lolek, and Tola genomes revealed that they were significantly different from the viral genomes available in public databases, suggesting to recognize them as three novel species within Autographiviridae. Nonetheless, the protein-based network, together with phylogenetic analysis, allowed for a refinement of their taxonomic classification. Hereby, Bolek and Lolek might be assigned to two novel species within the proposed novel genus (Bolekvirus) within the Beijerinckvirinae subfamily, while Tola could be classified as a member of a new species in the Gajwadongvirus genus within the Colwellvirinae subfamily.



Moreover, a protein-based similarity network showed that 27 Autographiviridae members infecting Aeromonas were scattered across five different subgraphs, but most of them (17 belonging to the Melnykvirinae subfamily) formed one dense cluster (SG4, Figure 5). The 10 others were significantly and mutually distinct. Bolek, Lolek, and Tola are among this group of “outliers”, which further emphasizes their uniqueness.



INPHARED database resources, including twice as many Autographiviride genomes (944) as that in the last ICTV proposal (471 in 2019), were used by us for comparative genomic analysis of all known members of this family and their relatives. The obtained results were in agreement with the ICTV classification. However, it is worth noting that this protein-based network grouped many unclassified representatives together with presumably related members of various Autographiviridae subfamilies, which may facilitate their future taxonomic classification. Moreover, this analysis brought up intriguing relationships of the Autographiviridae phages with 28 representatives of other Caudoviricetes families, particularly between the autographiviruses of the Okabevirinae subfamily and six Siphoviridae phages sharing similarities and synteny of the whole DNA replication region and, most importantly, an RNAP polymerase gene—the hallmark of the Autographiviridae.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/v14051016/s1, Figure S1: The comparison of the Aeromonas sp. MR7, MR16, MR19, and O23A genomes generated by OrthoVenn2 tool; Figure S2: Growth of the Aeromonas sp. MR7, MR16, and MR19 strains at (a) 10 °C and (b) 20 °C, in liquid LB and R2A media; Figure S3: Visualization of the Bolek, Lolek, and Tola plaques obtained on the LB medium; Figure S4: Visualization of Bolek plaques surrounded by an opaque-looking halo zone; Figure S5: Genome size distribution of Autographiviridae phages; Figure S6: Comparison of the putative Bolek, Lolek, and Tola tail fiber proteins; Figure S7: The alignment of the Tola and SP6 genomes; Figure S8: Comparison of the Bolek and Lolek genomes generated by EasyFig; Figure S9: Protein-based phage similarity network; Figure S10: Protein-based phage similarity network of Figure 5 where all phages mentioned in the text are labelled with names; Figure S11: The alignment of the Zobellviridae phages and their neighborhood of SG3; Figure S12: The alignment of the Podoviridae phages and their neighborhood of SG3; Figure S13: The genome alignment of the siphovirus Kolga and their neighborhood of SG3; Figure S14: The genome alignment of the Siphoviridae phages and their neighborhood of SG3; Figure S15: The genome alignment of the Tola phage and its neighborhood of SG5; Figure S16: The alignment of the Bolek and Lolek and their selected neighborhood of SG7; Figure S17: The alignment of the Siphoviridae phages and their neighborhood of SG7; Table S1: Characteristics of annotated Autographiviridaephage, infecting Aeromonas, whose genomes are available in the NCBI Viral RefSeq database; Table S2: List of strains used in this study; Table S3: Antibiotic resistance and virulence genes of Aeromonas sp. MR7, MR16, and MR19 strains; Table S4: Defense systems identified with the use of the Prokaryotic Antiviral Defense LOCator (PADLOC) in the Aeromonas MR7, MR16, and MR19 genomes; Table S5: Appearance of single colonies of Aeromonas sp. MR7, MR16, and MR19 strains after incubation of plates at various temperatures (4–42 °C) in LB and R2A media; Table S6: Adsorption efficiencies of the Bolek, Lolek, and Tola phages to the MR7, MR16, and MR19 cell; Table S7: Genes located within the vB_AspA_Bolek phage; Table S8: Genes located within the vB_AspA_Lolek phage; Table S9: Genes located within the vB_AspA_Tola phage; Table S10: Phages of the SG1, SG2, and SG7 subgraphs unclassified yet to any subfamily with the proposed assignment to the subfamily rank based on the vConTACT analysis; Table S11: vConTACT-based neighbors of the vB_AspA_Tola phage; Table S12: vConTACT-based members of the subgraph SG6; Table S13: vConTACT-based neighbors of the vB_AspA_Bolek and Lolek phages; File S1: The vB_AspA_Bolek PhageTerm Analysis report; File S2: The vB_AspA_Lolek PhageTerm Analysis report; File S3: The vB_AspA_Tola PhageTerm Analysis report; File S4: Phylogenetic tree based on the RNA polymerase gene; File S5: Phylogenetic tree based on the major capsid protein gene.





Author Contributions


Conceptualization, M.R., K.B. and P.D.; methodology, M.R., P.D.; software, P.D.; validation, M.R., P.D. and K.B.; formal analysis, M.R.; investigation, M.R., P.D., M.K. and K.B.; resources, M.R.; data curation, M.R., P.D. and K.B.; writing—original draft preparation, M.R., P.D. and K.B.; writing—review and editing, M.R., P.D. and K.B.; visualization, K.B., P.D. and M.R.; supervision, M.R.; project administration, M.R.; funding acquisition, M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre (Poland) within the project grant no. 2017/25/B/NZ8/00472 (to M.R.).




Acknowledgments


We would like to thank Matylda Macias (the Core Facility of IIMCB) for support with TEM.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Janda, M.J.; Abbott, S.L. The Genus Aeromonas: Taxonomy, Pathogenicity, and Infection. Clin. Microbiol. Rev. 2010, 23, 35–73. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Bravo, A.; Figueras, M.J. An Update on the Genus Aeromonas: Taxonomy, Epidemiology, and Pathogenicity. Microorganisms 2020, 8, 129. [Google Scholar] [CrossRef] [PubMed]

	



Priyam, B.; Purva, M.; Mahesh, C.M. Aeromonas spp.: An Emerging Nosocomial Pathogen. J. Lab. Physicians 2020, 8, 001–004. [Google Scholar] [CrossRef]

	



Dallaire-Dufresne, S.; Tanaka, K.H.; Trudel, M.V.; Lafaille, A.; Charette, S.J. Virulence, genomic features, and plasticity of Aeromonas salmonicida subsp. salmonicida, the causative agent of fish furunculosis. Vet. Microbiol. 2014, 169, 1–7. [Google Scholar] [CrossRef]

	



Burr, S.E.; Pugovkin, D.; Wahli, T.; Segner, H.; Frey, J. Attenuated virulence of an Aeromonas salmonicida subsp. salmonicida type III secretion mutant in a rainbow trout model. Microbiology 2005, 151, 2111–2118. [Google Scholar] [CrossRef] [PubMed]

	



Abdelhamed, H.; Ibrahim, I.; Baumgartner, W.; Lawrence, M.L.; Karsi, A. Characterization of Histopathological and Ultrastructural Changes in Channel Catfish Experimentally Infected with Virulent Aeromonas hydrophila. Front. Microbiol. 2017, 8, 1519. [Google Scholar] [CrossRef]

	



Jin, L.; Chen, Y.; Yang, W.; Qiao, Z.; Zhang, X. Complete genome sequence of fish-pathogenic Aeromonas hydrophila HX-3 and a comparative analysis: Insights into virulence factors and quorum sensing. Sci. Rep. 2020, 10, 1–15. [Google Scholar] [CrossRef]

	



Taylor, P.W.; Stapleton, P.D.; Paul, L.J. New ways to treat bacterial infections. Drug Discov. Today 2002, 7, 1086–1091. [Google Scholar] [CrossRef]

	



Ventola, C.L. The Antibiotic Resistance Crisis Part 2: Management Strategies and New Agents. Pharm. Ther. 2015, 40, 344–352. [Google Scholar]

	



Golkar, Z.; Bagasra, O.; Pace, D.G. Bacteriophage therapy: A potential solution for the antibiotic resistance crisis. J. Infect. Dev. Ctries. 2014, 8, 129–136. [Google Scholar] [CrossRef]

	



Hauser, A.R.; Mecsas, J.; Moir, D.T. Beyond Antibiotics: New Therapeutic Approaches for Bacterial Infections. Clin. Infect. Dis. 2021, 63, 89–95. [Google Scholar] [CrossRef] [PubMed]

	



Mushegian, A.R. Are There 1031 Virus Particles on Earth, or More, or Fewer? J. Bacteriol. 2020, 202, e00052-20. [Google Scholar] [CrossRef] [PubMed]

	



Dy, R.L.; Rigano, L.A.; Fineran, P.C. Phage-based biocontrol strategies and their application in agriculture and aquaculture. Biochem. Soc. Trans. 2018, 46, 1605–1613. [Google Scholar] [CrossRef] [PubMed]

	



Akmal, M.; Rahimi-Midani, A.; Hafeez-ur-Rehman, M.; Hussain, A.; Choi, T.J. Isolation, Characterization, and Application of a Bacteriophage Infecting the Fish Pathogen Aeromonas hydrophila. Pathogens 2020, 9, 215. [Google Scholar] [CrossRef]

	



Jun, J.W.; Kim, J.H.; Shin, S.P.; Han, J.E.; Chai, J.Y. Protective effects of the Aeromonas phages pAh1-C and pAh6-C against mass mortality of the cyprinid loach (Misgurnus anguillicaudatus) caused by Aeromonas hydrophila. Aquaculture 2021, 416–417, 289–295. [Google Scholar] [CrossRef]

	



Kabwe, M.; Brown, T.; Speirs, L.; Kub, H.; Leach, M.; Chan, H.T.; Petrovski, S.; Lock, P.; Tucci, J. Novel Bacteriophages Capable of Disrupting Biofilms From Clinical Strains of Aeromonas hydrophila. Front. Microbiol. 2020, 11, 194. [Google Scholar] [CrossRef]

	



Le, T.S.; Nguyen, T.H.; Vo, H.P.; Doan, V.C.; Nguyen, H.L.; Tran, M.T.; Tran, T.T.; Southgate, P.C.; Kurtboke, D.I. Protective Effects of Bacteriophages against Aeromonas hydrophila Causing Motile Aeromonas Septicemia (MAS) in Striped Catfish. Antibiotics 2018, 7, 16. [Google Scholar] [CrossRef]

	



Available online: https://talk.ictvonline.org/taxonomy/vmr/m/vmr-file-repository/13181 (accessed on 20 February 2022).

	



Lavigne, R.; Seto, D.; Mahadevan, P.; Ackermann, H.W. Unifying classical and molecular taxonomic classification: Analysis of the Podoviridae using BLASTP-based tools. Res. Microbiol. 2008, 159, 406–414. [Google Scholar] [CrossRef]

	



Casjens, S. Prophages and bacterial genomics: What have we learned so far? Mol. Microbiol. 2003, 49, 277–300. [Google Scholar] [CrossRef]

	



Kawasaki, T.; Shimizu, M.; Satsuma, H.; Fujiwara, A.; Fujie, M.; Usami, S.; Yamada, T. Genomic Characterization of Ralstonia solanacearum Phage φRSB1, a T7-Like Wide-Host-Range Phage. J. Bacteriol. 2009, 191, 422–427. [Google Scholar] [CrossRef]

	



Boeckman, J.; Korn, A.; Yao, G.; Ravindran, A.; Gonzalez, C.; Gillac, J. Sheep in wolves’ clothing: Temperate T7-like bacteriophages and the origins of the Autographiviridae. Virology 2022, 568, 86–100. [Google Scholar] [CrossRef] [PubMed]

	



Ely, B.; Berrios, L.; Thomas, Q. S2B, a Temperate Bacteriophage That Infects Caulobacter Crescentus Strain CB15. Curr. Microbiol. 2022, 79, 98. [Google Scholar] [CrossRef] [PubMed]

	



Cazares, D.; Cazares, A.; Figueroa, W.; Guarneros, G.; Edwards, R.A.; Vinuesa, P. A Novel Group of Promiscuous Podophages Infecting Diverse Gammaproteobacteria from River Communities Exhibits Dynamic Intergenus Host Adaptation. mSystems 2021, 6, e00773-20. [Google Scholar] [CrossRef] [PubMed]

	



Uhrynowski, W.; Decewicz, P.; Dziewit, L.; Radlinska, M.; Krawczyk, P.S.; Lipinski, L.; Adamska, D.; Drewniak, L. Analysis of the Genome and Mobilome of a Dissimilatory Arsenate Reducing Aeromonas sp. O23A Reveals Multiple Mechanisms for Heavy Metal Resistance and Metabolism. Front. Microbiol. 2017, 8, 936. [Google Scholar] [CrossRef]

	



Bujak, K.; Decewicz, P.; Rosinska, J.M.; Radlinska, M. Genome Study of a Novel Virulent Phage vB_SspS_KASIA and Mu-like Prophages of Shewanella sp. M16 Provides Insights into the Genetic Diversity of the Shewanella Virome. Int. J. Mol. Sci. 2021, 22, 11070. [Google Scholar] [CrossRef]

	



Bujak, K.; Decewicz, P.; Kaminski, J.; Radlinska, M. Identification, Characterization, and Genomic Analysis of Novel Serratia Temperate Phages from a Gold Mine. Int. J. Mol. Sci. 2020, 21, 6709. [Google Scholar] [CrossRef]

	



Golec, P.; Karczewska-Golec, J.; Łos, M.; Węgrzyn, G. Bacteriophage T4 can produce progeny virions in extremely slowly growing Escherichia coli host: Comparison of a mathematical model with the experimental data. FEMS Microbiol. Lett. 2014, 351, 156–161. [Google Scholar] [CrossRef]

	



Oliveira, H.; Pinto, G.; Oliveira, A.; Oliveira, C.; Faustino, M.; Briers, Y.; Domingues, L.; Azeredo, J. Characterization and genome sequencing of a Citrobacter freundii phage CfP1 harboring a lysin active against multidrug-resistant isolates. Appl. Microbiol. Biotechnol. 2016, 100, 10543–10553. [Google Scholar] [CrossRef]

	



Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 2001. [Google Scholar]

	



Wingett, S.W.; Andrews, S. FastQ Screen: A tool for multi-genome mapping and quality control. F1000Res 2018, 7, 1338. [Google Scholar] [CrossRef]

	



Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [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] [PubMed]

	



Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997. [Google Scholar]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; Subgroup, G.P.D.P. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef] [PubMed]

	



Garneau, J.R.; Depardieu, F.; Fortier, L.-C.; Bikard, D.; Monot, M. PhageTerm: A tool for fast and accurate determination of phage termini and packaging mechanism using next-generation sequencing data. Sci. Rep. 2017, 7, 8292. [Google Scholar] [CrossRef]

	



Carver, T.; Berriman, M.; Tivey, A.; Patel, C.; Böhme, U.; Barrell, B.G.; Parkhill, J.; Rajandream, M.-A. Artemis and ACT: Viewing, annotating and comparing sequences stored in a relational database. Bioinformatics 2008, 24, 2672–2676. [Google Scholar] [CrossRef]

	



Brettin, T.; Davis, J.J.; Disz, T.; Edwards, R.A.; Gerdes, S.; Olsen, G.J.; Olson, R.; Overbeek, R.; Parrello, B.; Pusch, G.D.; et al. RASTtk: A modular and extensible implementation of the RAST algorithm for building custom annotation pipelines and annotating batches of genomes. Sci. Rep. 2015, 5, 8365. [Google Scholar] [CrossRef]

	



Wattam, A.R.; Davis, J.J.; Assaf, R.; Boisvert, S.; Brettin, T.; Bun, C.; Conrad, N.; Dietrich, E.M.; Disz, T.; Gabbard, J.L.; et al. Improvements to PATRIC, the all-bacterial Bioinformatics Database and Analysis Resource Center. Nucleic Acids Res. 2016, 45, D535–D542. [Google Scholar] [CrossRef]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef]

	



Hildebrand, A.; Remmert, M.; Biegert, A.; Söding, J. Fast and accurate automatic structure prediction with HHpred. Proteins 2009, 77, 128–132. [Google Scholar] [CrossRef]

	



Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Sonnhammer, E.L.L.; Paladin, L.; Richardson, L.J.; Finn, R.D.; Bateman, A. Pfam: The protein families database in 2021. Nucleic Acids Res. 2022, 49, D412–D419. [Google Scholar] [CrossRef]

	



Consortium, U. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2022, 49, D412–D419. [Google Scholar] [CrossRef]

	



Blum, M.; Chang, H.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell, A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.; Raj, S.; et al. The InterPro protein families and domains database: 20 years on. Nucleic Acids Res. 2021, 49, D344–D354. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Payne, L.J.; Todeschini, T.C.; Wu, Y.; Perry, B.J.; Ronson, C.W.; Fineran, P.C.; Nobrega, F.L.; Jackson, S.A. Identification and classification of antiviral defence systems in bacteria and archaea with PADLOC reveals new system types. Nucleic Acids Res. 2022, 49, 10868–10878. [Google Scholar] [CrossRef]

	



Xu, L.; Dong, Z.; Fang, L.; Luo, Y.; Wei, Z.; Guo, H.; Zhang, G.; Gu, Y.; Coleman-Derr, D.; Xia, Q.; et al. OrthoVenn2: A web server for whole-genome comparison and annotation of orthologous clusters across multiple species. Nucleic Acids Res. 2019, 47, W52–W58. [Google Scholar] [CrossRef]

	



Gilchrist, C.L.M.; Chooi, Y.-H. Clinker & clustermap.js: Automatic generation of gene cluster comparison figures. Bioinformatics 2021, 37, 2473–2475. [Google Scholar] [CrossRef]

	



Cook, R.; Brown, N.; Redgwell, T.; Rihtman, B.; Barnes, M.; Clokie, M.; Stekel, D.J.; Hobman, J.; Jones, M.A.; Millard, A. INfrastructure for a PHAge REference Database: Identification of Large-Scale Biases in the Current Collection of Cultured Phage Genomes. PHAGE 2021, 2, 214–223. [Google Scholar] [CrossRef]

	



Bin Jang, H.; Bolduc, B.; Zablocki, O.; Kuhn, J.H.; Roux, S.; Adriaenssens, E.M.; Brister, J.R.; Kropinski, A.M.; Krupovic, M.; Lavigne, R.; et al. Taxonomic assignment of uncultivated prokaryotic virus genomes is enabled by gene-sharing networks. Nat. Biotechnol. 2019, 37, 632–639. [Google Scholar] [CrossRef]

	



Bastian, M.; Heymann, S.; Jacomy, M. Gephi: An Open Source Software for Exploring and Manipulating Networks. In Proceedings of the International AAAI Conference Weblogs Social Media, San Jose, CA, USA, 17–20 May 2009. [Google Scholar] [CrossRef]

	



Jacomy, M.; Venturini, T.; Heymann, S.; Bastian, M. ForceAtlas2, a Continuous Graph Layout Algorithm for Handy Network Visualization Designed for the Gephi Software. PLoS ONE 2014, 9, e98679. [Google Scholar] [CrossRef]

	



Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability. Mol. Biol. Evol. 2022, 30, 772–780. [Google Scholar] [CrossRef]

	



Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2022, 32, 268–274. [Google Scholar] [CrossRef] [PubMed]

	



Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [Google Scholar] [CrossRef] [PubMed]

	



Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation. Mol. Biol. Evol. 2022, 35, 518–522. [Google Scholar] [CrossRef]

	



Adamczuk, M.; Dziewit, L. Genome-based insights into the resistome and mobilome of multidrug-resistant Aeromonas sp. ARM81 isolated from wastewater. Arch. Microbiol. 2017, 199, 177–183. [Google Scholar] [CrossRef] [PubMed]

	



Siguier, P.; Perochon, J.; Lestrade, L.; Mahillon, J.; Chandler, M. ISfinder: The reference centre for bacterial insertion sequences. Nucleic Acids Res. 2022, 34, D32–D36. [Google Scholar] [CrossRef]

	



Uhrynowski, W.; Debiec, K.; Sklodowska, A.; Drewniak, L. The role of dissimilatory arsenate reducing bacteria in the biogeochemical cycle of arsenic based on the physiological and functional analysis of Aeromonas sp. O23A. Sci. Total Environ. 2017, 598, 680–689. [Google Scholar] [CrossRef]

	



Roberts, R.; Vincze, T.; Posfai, J.; Macelis, D. REBASE—A database for DNA restriction and modification: Enzymes, genes and genomes. Nucleic Acids Res. 2015, 43, D298–D299. [Google Scholar] [CrossRef]

	



Goldfarb, T.; Sberro, H.; Weinstock, E.; Cohen, O.; Doron, S.; Charpak-Amikam, Y.; Afik, S.; Ofir, G.; Sorek, R. BREX is a novel phage resistance system widespread in microbial genomes. EMBO J. 2015, 34, 169–183. [Google Scholar] [CrossRef]

	



Gordeeva, J.; Morozova, N.; Sierro, N.; Isaev, A.; Sinkunas, T.; Tsvetkova, K.; Matlashov, M.; Truncaite, L.; Morgan, R.; Ivanov, N.; et al. BREX system of Escherichia coli distinguishes self from non-self by methylation of a specific DNA site. Nucleic Acids Res. 2019, 47, 253–265. [Google Scholar] [CrossRef]

	



Mestre, M.R.; González-Delgado, A.; Gutierrez-Rus, L.; Martínez-Abarca, F.; Toro, N. Systematic prediction of genes functionally associated with bacterial retrons and classification of the encoded tripartite systems. Nucleic Acids Res. 2020, 48, 12632–12647. [Google Scholar] [CrossRef]

	



Millman, A.; Bernheim, A.; Stokar-Avihail, A.; Fedorenko, T.; Voichek, M.; Leavitt, A.; Oppenheimer-Shaanan, Y.; Sorek, R. Bacterial Retrons Function In Anti-Phage Defense. Cell 2020, 183, 1551–1561. [Google Scholar] [CrossRef] [PubMed]

	



Doron, S.; Melamed, S.; Ofir, G.; Leavitt, A.; Lopatina, A.; Keren, M.; Amitai, G.; Sorek, R. Systematic discovery of antiphage defense systems in the microbial pangenome. Science 2018, 359, eaar4120. [Google Scholar] [CrossRef] [PubMed]

	



Tal, N.; Morehouse, B.; Millman, A.; Stokar-Avihail, A.; Avraham, C.; Fedorenko, T.; Yirmiya, E.; Herbst, E.; Brandis, A.; Mehlman, T.; et al. Cyclic CMP and cyclic UMP mediate bacterial immunity against phages. Cell 2021, 184, 5728–5739. [Google Scholar] [CrossRef] [PubMed]

	



Cavicchioli, R. On the concept of a psychrophile. ISME J. 2016, 10, 793–795. [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]

	



Wu, Y.; Wang, R.; Xu, M.; Liu, Y.; Zhu, X.; Qiu, J.; Liu, Q.; He, P.; Li, Q. A Novel Polysaccharide Depolymerase Encoded by the Phage SH-KP152226 Confers Specific Activity against Multidrug-Resistant Klebsiella pneumoniae via Biofilm Degradation. Front. Microbiol. 2019, 10, 2768. [Google Scholar] [CrossRef]

	



Islam, S.; Yang, X.; Euler, C.W.; Han, X.; Liu, J.; Hossen, I.; Zhou, Y.L.; Li, J. Application of a novel phage ZPAH7 for controlling multidrug-resistant Aeromonas hydrophila on lettuce and reducing biofilms. Food Control 2021, 122, 107785. [Google Scholar] [CrossRef]

	



Liu, J.; Gao, S.; Dong, Y.; Lu, C.; Liu, Y. Isolation and characterization of bacteriophages against virulent Aeromonas hydrophila. BMC Microbiol. 2020, 20, 1–13. [Google Scholar] [CrossRef]

	



Islam, M.S.; Raz, A.; Liu, Y.; Elbassiony, K.R.A.; Dong, X.; Zhou, P.; Zhou, Y.; Jinquan, L. Complete Genome Sequence of Aeromonas Phage ZPAH7 with Halo Zones, Isolated in China | Microbiology Resource Announcements. Microbiol. Resour. Announc. 2021, 8, e01678-18. [Google Scholar]

	



Xu, Z.; Jin, P.; Zhou, X.; Zhang, Y.; Wang, Q.; Liu, X.; Shao, S.; Liu, Q.; Dozois, C.M. Isolation of a Virulent Aeromonas salmonicida subsp. masoucida Bacteriophage and Its Application in Phage Therapy in Turbot (Scophthalmus maximus). Appl. Environ. Microbiol. 2021, 87, e0146821. [Google Scholar] [CrossRef]

	



Cornelissen, A.; Ceyssens, P.-J.; T’Syen, J.; Van Praet, H.; Noben, J.-P.; Shaburova, O.V.; Krylov, V.N.; Volckaert, G.; Lavigne, R. The T7-Related Pseudomonas putida Phage φ15 Displays Virion-Associated Biofilm Degradation Properties. PLoS ONE 2011, 6, e18597. [Google Scholar] [CrossRef] [PubMed]

	



Chlebicki, A.; Zielenkiewicz, U.; Wilczek, A.M. Fungi are not involved in biofilm formation on rock wall in subterranean arsenic mine in Poland. Nova Hedwig. 2014, 99, 255–269. [Google Scholar] [CrossRef]

	



Przylibski, T.A. Radon and its daughter products behaviour in the air of an underground tourist route in the former arsenic and gold mine in Złoty Stok (Sudety Mountains, SW Poland). J. Environ. Radioact. 2001, 57, 87–103. [Google Scholar] [CrossRef]

	



Dekel-Bird, N.P.; Sabehi, G.; Mosevitzky, B.; Lindell, D. Host-dependent differences in abundance, composition and host range of cyanophages from the Red Sea. Environ. Microbiol. 2014, 17, 1286–1299. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, D.A.; Lindell, D. Genetic hurdles limit the arms race between Prochlorococcus and the T7-like podoviruses infecting them. ISME J. 2017, 11, 1836–1851. [Google Scholar] [CrossRef] [PubMed]

	



Leon-Velarde, C.G.; Kropinski, A.M.; Chen, S.; Abbasifar, A.; Griffiths, M.W.; Odumeru, J.A. Complete genome sequence of bacteriophage vB_YenP_AP5 which infects Yersinia enterocoliticaof serotype O:3. J. Virol. 2014, 11, 1–14. [Google Scholar] [CrossRef]

	



Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Feng, C.; Zhang, L.; Chi, T.; Qi, Y.; Jia, K.; Zhang, Y.; Wei, J.; Qian, A.; Sun, W.; et al. Characterization and genome analysis of two novel Aeromonas hydrophila phages PZL-Ah1and PZL-Ah8. Arch. Virol. 2021, 167, 669–673. [Google Scholar] [CrossRef]

	



Malki, K.; Kula, A.; Bruder, K.; Sible, E.; Hatzopoulos, T.; Steidel, S.; Watkins, S.C.; Putonti, C. Bacteriophages isolated from Lake Michigan demonstrate broad host-range across several bacterial phyla. J. Virol. 2015, 12, 1–5. [Google Scholar] [CrossRef]

	



Betat, H.; Rammelt, C.; Mör, L.M. tRNA nucleotidyltransferases: Ancient catalysts with an unusual mechanism of polymerization. Cell. Mol. Life Sci. 2010, 67, 1447–1463. [Google Scholar] [CrossRef]

	



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

	



Hutinet, G.; Besle, A.; Son, O.; McGovern, S.; Guerois, R.; Petit, M.; Ochsenbein, F.; Lecointe, F. Sak4 of Phage HK620 Is a RecA Remote Homolog With Single-Strand Annealing Activity Stimulated by Its Cognate SSB Protein. Front. Microbiol. 2018, 9, 743. [Google Scholar] [CrossRef] [PubMed]

	



Latka, A.; Maciejewska, B.; Majkowska-Skrobek, G.; Briers, Y.; Drulis-Kawa, Z. Bacteriophage-encoded virion-associated enzymes to overcome the carbohydrate barriers during the infection process. Appl. Microbiol. Biotechnol. 2017, 101, 3103–3119. [Google Scholar] [CrossRef] [PubMed]

	



Dobbins, A.T.; George, M.; Ford, M.E.; Houtz, J.M.; Pedulla, M.L.; Lawrence, J.G.; Hatfull, G.F.; Hendrix, R.W. Complete Genomic Sequence of the Virulent Salmonella Bacteriophage SP6. J. Bacteriol. 2004, 186, 1933–1944. [Google Scholar] [CrossRef] [PubMed]

	



Mikoulinskaia, G.V.; Odinokova, I.V.; Zimin, A.A.; Lysanskaya, V.Y.; Feofanov, S.A.; Stepnaya, O.A. Identification and characterization of the metal ion-dependent l-alanoyl-d-glutamate peptidase encoded by bacteriophage T5. FEBS J. 2009, 276, 7329–7342. [Google Scholar] [CrossRef] [PubMed]

	



Lukianova, A.A.; Shneider, M.M.; Evseev, P.V.; Shpirt, A.M.; Bugaeva, E.N.; Kabanova, A.P.; Obraztsova, E.A.; Senchenkova, S.N.; Shashkov, A.S.; Shashkov, S.V.; 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]

	



Rabiey, M.; Roy, S.R.; Holtappels, D.; Franceschetti, L.; Quilty, B.J.; Creeth, R.; Sundin, G.W.; Wagemans, J.; Lavigne, R.; Jackson, R.W. Phage biocontrol to combat Pseudomonas syringae pathogens causing disease in cherry. Microb. Biotechnol. 2020, 13, 1428–1445. [Google Scholar] [CrossRef]

	



Popova, A.; Lavysh, D.; Klimuk, E.; Edelstein, M.; Bogun, A.; Shneider, M.; Goncharov, A.; Leonov, S.; Severinov, K. 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]

	



Oliveira, H.; Costa, A.; 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]

	



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]

	



Silva, J.B.; Storms, Z.; Sauvageau, D. Host receptors for bacteriophage adsorption. FEMS Microbiol. Lett. 2016, 363, fnw002. [Google Scholar] [CrossRef] [PubMed]

	



Ando, H.; Lemire, S.; Pires, D.; Lu, T. Engineering Modular Viral Scaffolds for Targeted Bacterial Population Editing. Cell Syst. 2015, 1, 187–196. [Google Scholar] [CrossRef] [PubMed]

	



Turner, D.; Kropinski, A.; Alfernas-Zerbini, P.; Buttimer, C.; Lavigne, R.; Bister, J.R.; Tolstoy, I.; Morozova, V.V.; Babkin, I.V.; Kozlova, Y.N.; et al. Create One New Family (Autographiviridae) including Nine Subfamilies and One Hundred and Thirty-Two Genera in the Order Caudovirales. Available online: https://ictv.global/ICTV/proposals/2019.103B.zip (accessed on 17 May 2020).

	



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

	



Zhang, Z.; Chen, F.; Chu, X.; Zhang, H.; Luo, H.; Qin, F.; Zhai, Z.; Yang, M.; Sun, J.; Zhao, Y. Diverse, Abundant, and Novel Viruses Infecting the Marine Roseobacter RCA Lineage. mSystems 2019, 4, e00494-19. [Google Scholar] [CrossRef]

	



Zhao, Y.; Qin, F.; Zhang, R.; Giovannoni, S.; Zhang, Z.; Sun, J.; Du, S.; Rensing, C. Pelagiphages in the Podoviridae family integrate into host genomes. Environ. Microbiol. 2019, 21, 1989–2001. [Google Scholar] [CrossRef]

	



Buchholz, H.H.; Michelsen, M.L.; Bolaños, L.M.; Browne, E.; Allen, M.J.; Temperton, B. Efficient dilution-to-extinction isolation of novel virus–host model systems for fastidious heterotrophic bacteria. ISME J. 2021, 15, 1585–1598. [Google Scholar] [CrossRef]

	



Ponsero, A.J.; Chen, F.; Lennon, J.T.; Wilhelm, S.W. Complete Genome Sequence of Cyanobacterial Siphovirus KBS2A. Genome Announc. 2013, 1, e00472-13. [Google Scholar] [CrossRef]

	



Huang, S.; Wang, K.; Jiao, N.; Chen, F. Genome sequences of siphoviruses infecting marine Synechococcus unveil a diverse cyanophage group and extensive phage-host genetic exchanges. Environ. Microbiol. 2012, 14, 540–558. [Google Scholar] [CrossRef]

	



Zhang, D.; He, Y.; Gin, K.Y. Genomic Characterization of a Novel Freshwater Cyanophage Reveals a New Lineage of Cyanopodovirus. Front. Microbiol. 2022, 12, 768868. [Google Scholar] [CrossRef]

	



Zhang, D.; He, Y.; Gin, K.Y. Novel Freshwater Cyanophages Provide New Insights into Evolutionary Relationships between Freshwater and Marine Cyanophages. Microbiol. Spectr. 2021, 9, e00593-21. [Google Scholar] [CrossRef]

	



Cao, Y.; Li, S.; Wang, D.J.Z.; Xu, L.; Liu, H.; Lu, T.; Mou, Z. Genomic characterization of a novel virulent phage infecting the Aeromonas hydrophila isolated from rainbow trout (Oncorhynchus mykiss). Virus Res. 2019, 273, 197764. [Google Scholar] [CrossRef] [PubMed]

	



Merabishvili, M.; Vandenheuvel, D.; Kropinski, A.; Mast, J.; De Vos, D.; Verbeken, G.; Noben, J.-P.; Lavigne, R.; Vaneechoutte, M.; Pirnay, J.-P. Characterization of Newly Isolated Lytic Bacteriophages Active against Acinetobacter baumannii. PLoS ONE 2014, 9, e104853. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.N.; Lin, J.W.; Weng, S.F.; Tseng, Y.H. Genomic characterization of the intron-containing T7-like phage phiL7 of Xanthomonas campestris. Appl. Environ. Microbiol. 2009, 75, 7828–7837. [Google Scholar] [CrossRef] [PubMed]

	



Kreienbaum, M.; Dörrich, K.A.; Brandt, D.; Schmid, E.N.; Leonhard, T.; Hager, F.; Brenzinger, S.; Hahn, J.; Glatter, T.; Ruwe, M.; et al. Isolation and Characterization of Shewanella Phage Thanatos Infecting and Lysing Shewanella oneidensis and Promoting Nascent Biofilm Formation. Front. Microbiol. 2021, 11, 573260. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, Y.; Matsuura, T.; Ohara, T.; Azegami, K. Bacteriophage OP1, lytic for Xanthomonas oryzae pv. oryzae, changes its host range by duplication and deletion of the small domain in the deduced tail fiber gene. J. Gen. Plant Pathol. 2006, 72, 111–118. [Google Scholar] [CrossRef]

	



Lee, C.-N.; Hu, R.-M.; Chow, T.-Y.; Lin, J.-W.; Chen, H.-Y.; Tseng, Y.-H.; Weng, S.-F. Comparison of Genomes of Three Xanthomonas oryzae Bacteriophages. BMC Genom. 2007, 8, 442. [Google Scholar] [CrossRef]

	



Ahern, S.J.; Das, M.; Bhowmick, T.S.; Young, R.; Gonzalez, C.F. Characterization of Novel Virulent Broad-Host-Range Phages of Xylella fastidiosa and Xanthomonas. J. Bacteriol. 2014, 196, 459–471. [Google Scholar] [CrossRef]

	



Colangelo-Lillis, J.R.; Deming, J.W. Genomic analysis of cold-active Colwelliaphage 9A and psychrophilic phage–host interactions. Extremophiles 2012, 17, 99–114. [Google Scholar] [CrossRef]

	



Li, P.; Zhang, Y.; Yan, F.; Zhou, X. Characteristics of a Bacteriophage, vB_Kox_ZX8, Isolated From Clinical Klebsiella oxytoca and Its Therapeutic Effect on Mice Bacteremia. Front. Microbiol. 2021, 12, 763136. [Google Scholar] [CrossRef]

	



Adriaenssens, E.M.; Ceyssens, P.J.; Dunon, V.; Ackermann, H.W.; Van Vaerenbergh, J.; Maes, M.; De Proft, M.; Lavigne, R. Bacteriophages LIMElight and LIMEzero of Pantoea agglomerans, belonging to the “phiKMV-like viruses”. Appl. Environ. Microbiol. 2011, 77, 3443–3450. [Google Scholar] [CrossRef]

	



Islam, S.; Hu, Y.; Mizan, F.R.; Yan, T.; Ishatur, N.; Zhou, Y.; Li, J. Characterization of Salmonella Phage LPST153 That Effectively Targets Most Prevalent Salmonella Serovars. Microorganisms 2020, 8, 1089. [Google Scholar] [CrossRef] [PubMed]

	



Petrzik, K.; Kmoch, M.; Brázdová, S.; Ševčík, R. Complete genome sequences of novel Berlinvirus and novel Certrevirus lytic for Pectobacterium sp. causing soft rot and black leg disease of potato. Virus Genes 2021, 57, 302–305. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.; Heu, S.; Park, J.; Roh, E. Genomic characterization of bacteriophage vB_PcaP_PP2 infecting Pectobacterium carotovorum subsp. carotovorum, a new member of a proposed genus in the subfamily Autographivirinae. Arch. Virol. 2017, 162, 2441–2444. [Google Scholar] [CrossRef] [PubMed]

	



Eriksson, H.; Maciejewska, B.; Latka, A.; Majkowska-Skrobek, G.; Hellstrand, M.; Melefors, Ö.; Wang, J.-T.; Kropinski, A.M.; Drulis-Kawa, Z.; Nilsson, A.S. A Suggested New Bacteriophage Genus, “Kp34likevirus”, within the Autographivirinae Subfamily of Podoviridae. Viruses 2015, 7, 1804–1822. [Google Scholar] [CrossRef] [PubMed]

	



Hamdi, S.; Rousseau, G.M.; Lbrie, S.J.; Kourda, R.S.; Tremblay, D.M.; Moineau, S.; Slama, K.B. Characterization of Five Podoviridae Phages Infecting Citrobacter freundii. Front. Microbiol. 2016, 7, 133. [Google Scholar] [CrossRef] [PubMed]

	



Drulis-Kawa, Z.; Mackiewicz, P.; Kęsik-Szeloch, A.; Maciaszczyk-Dziubinska, E.; Weber-Dąbrowska, B.; Dorotkiewicz-Jach, A.; Augustyniak, D.; Majkowska-Skrobek, G.; Bocer, T.; Empel, J.; et al. Isolation and characterization of KP34—A novel φKMV-like bacteriophage for Klebsiella pneumoniae. Appl. Microbiol. Biotechnol. 2011, 90, 1333–1345. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.S.; Jang, H.B.; Kim, K.S.; Kim, T.H.; Im, S.P.; Kim, S.W.; Lazarte, J.M.; Kim, J.S.; Jung, T.S. Complete Genomic and Lysis-Cassette Characterization of the Novel Phage, KBNP1315, which Infects Avian Pathogenic Escherichia coli (APEC). PLoS ONE 2015, 10, e0142504. [Google Scholar] [CrossRef]








[image: Viruses 14 01016 g001 550] 





Figure 1. Visualization of the virion and plaques of the (a,b) Bolek, (c,d) Lolek, and (e,f) Tola phages. The scale bar represents 50 nm (a,c,d). 
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Figure 2. (a,b) Bolek, (c,d) Lolek, and (e,f) Tola phage stability under various temperatures and pHs. Temperatures and pHs are indicated according to the legends. 
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Figure 3. (a,b) Bolek, (c,d) Lolek, and (e,f) Tola phage adsorption to the bacterial cells and one-step growth curves in R2A and LB media. 
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Figure 4. Comparative genome alignment of the Bolek, Lolek, and Tola phages. Coding sequences are represented by arrows, colored to reflect homologous ones, and are linked by grey bars shaded to represent the percentage of amino acid identity, as indicated in the legend. 
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Figure 5. Protein-based phage similarity network. Each circle (node) represents a genome and connecting lines (edges) represent the similarity between genomes based on shared clusters of proteins. Only Autographiviridae family members and phages of other families demonstrating significant similarity to them are shown. Bolek, Lolek, Tola, and other Aeromonas phages are indicated with black lines and names. The coloring of the nodes (according to the key) is based on the current taxonomic classification of the phage, that is, subfamilies of Autographiviridae members and families of other phages. The edge thickness reflects the degree of similarity between two phages (the thicker the edge, the higher the similarity), considered as an overall similarity of proteins encoded by a pair of phages. 
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Table 1. Characteristics of Aeromonas sp. MR7, MR16, and MR19 genomes.
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	MR7
	MR16
	MR19





	Number of contigs
	54
	97
	61



	Sequenced genome size (bp)
	4,822,910
	4,655,773
	4,883,405



	GC content (%)
	60.4
	60.9
	60.2



	Number of predicted genes
	4364
	4236
	4367



	Number of putative virulence factors

Antibiotic Resistance/Virulence Factor
	56/59
	41/49
	51/49



	Number of prophages
	1
	3
	1



	Number of genes encoding transposases
	14
	52
	22
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Table 2. Comparison of latency times, rise periods, and burst sizes of the Bolek, Lolek, and Tola phages in LB and R2A media at 20 °C.






Table 2. Comparison of latency times, rise periods, and burst sizes of the Bolek, Lolek, and Tola phages in LB and R2A media at 20 °C.





	

	
Bolek

	
Lolek

	
Tola






	

	
R2A

	
LB

	
R2A

	
LB

	
R2A

	
LB




	
Latency period (min)

	
60

	
60

	
60

	
60

	
70

	
60




	
Rise period (min)

	
70

	
70

	
20

	
20

	
20

	
30




	
Burst size (PFU/IC)

	
73 ± 8

	
70 ± 10

	
68 ± 8

	
62 ± 16

	
107 ± 8

	
115 ± 10
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Table 3. Characteristics of the Bolek, Lolek, and Tola genomes.
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	Bolek
	Lolek
	Tola





	Sequenced genome size (bp)
	42,433
	43,136
	45,276



	Physical genome size (bp)
	42,747
	43,638
	45,907



	Terminal repeats size (bp)
	314
	502
	631



	GC content (%)
	52.7
	52.6
	47.4



	Number of predicted genes
	57
	61
	70



	Number of predicted gene products
	27
	27
	32



	Number of hypothetical proteins
	30
	34
	38
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