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Abstract:



The genus Sinorhizobium/Ensifer mostly groups nitrogen-fixing bacteria that create root or stem nodules on leguminous plants and transform atmospheric nitrogen into ammonia, which improves the productivity of the plants. Although these biotechnologically-important bacteria are commonly found in various soil environments, little is known about their phages. In this study, the genome of Sinorhizobium sp. LM21 isolated from a heavy-metal-contaminated copper mine in Poland was investigated for the presence of prophages and DNA methyltransferase-encoding genes. In addition to the previously identified temperate phage, ΦLM21, and the phage-plasmid, pLM21S1, the analysis revealed the presence of three prophage regions. Moreover, four novel phage-encoded DNA methyltransferase (MTase) genes were identified and the enzymes were characterized. It was shown that two of the identified viral MTases methylated the same target sequence (GANTC) as cell cycle-regulated methyltransferase (CcrM) of the bacterial host strain, LM21. This discovery was recognized as an example of the evolutionary convergence between enzymes of sinorhizobial viruses and their host, which may play an important role in virus cycle. In the last part of the study, thorough comparative analyses of 31 sinorhizobial (pro)phages (including active sinorhizobial phages and novel putative prophages retrieved and manually re-annotated from Sinorhizobium spp. genomes) were performed. The networking analysis revealed the presence of highly conserved proteins (e.g., holins and endolysins) and a high diversity of viral integrases. The analysis also revealed a large number of viral DNA MTases, whose genes were frequently located within the predicted replication modules of analyzed prophages, which may suggest their important regulatory role. Summarizing, complex analysis of the phage protein similarity network enabled a new insight into overall sinorhizobial virome diversity.
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1. Introduction


Alphaproteobacteria constitute a physiologically diverse group of bacteria, whose representatives were isolated from various environments and exhibit diverse metabolic properties. Amongst Alphaproteobacteria, there are symbiotic, nitrogen-fixing bacteria (e.g., Rhizobium spp. and Sinorhizobium spp.) [1], methylotrophs utilizing one-carbon compounds (e.g., Paracoccus spp.) [2], and obligate intracellular parasites (e.g., Rickettsia spp.) [3]. Currently (as of 1 March 2017), according to the National Centre for Biotechnology Information (NCBI) genome browser, full genomic sequences of 527 representatives of Alphaproteobacteria are available. Although much is known about the metabolic properties of Alphaproteobacteria and their genomes’ architecture and functioning [4,5,6,7,8,9], surprisingly, up till now, less than 90 phages infecting this class of bacteria have been identified.



The genus Sinorhizobium mostly groups nitrogen-fixing bacteria, creating root or stem nodules on leguminous plants. Sinorhizobia can transform N2 into ammonia, which improves the overall productivity of the plants [9,10,11]. Interestingly, to our knowledge, only eight active phages of Sinorhizobium spp. have been identified and described so far, including five lytic phages (ΦM12 (GenBank accession No. KF381361), ΦM7 (GenBank accession No. KR052480), ΦM19 (GenBank accession No. KR052481), ΦM9 (GenBank accession No. KP881232), and ΦN3 (GenBank accession No. KR052482)) [12,13], and three temperate viruses (Φ16-3 (GenBank accession No. DQ500118), ΦPBC5 (GenBank accession No. AF448724), and ΦLM21 (GenBank accession No. KJ743987)) [14,15].



Sinorhizobium sp. LM21 was isolated from the heavy-metal-contaminated copper mine located in the Lubin-Glogow Copper District in Lower Silesia Province (Poland). The presence of heavy metals in this environment may explain the hyper-tolerance of the LM21 strain to As3+ (the minimal inhibitory concentration (MIC) is 5 mM), As5+ (200 mM), Cd2+ (2 mM), Co2+ (1.5 mM), Cu2+ (5 mM), Ni2+ (4 mM), and Zn2+ (3 mM). Moreover, the strain utilizes several polycyclic hydrocarbons, including anthracene, ferrocene, phenanthrene, and pyrene [16].



Our previous analyses of Sinorhizobium sp. LM21 revealed that it carries an unusual, putative plasmid-like prophage, pLM21S1 (GenBank accession No. KM659098), and an inducible temperate phage, ΦLM21 (GenBank accession No. KJ743987) [14,16]. Molecular characterization of the phage ΦLM21 revealed that it encodes DNA methyltransferase (PhiLM21_p027), exhibiting GANTC (methylated nucleotide is underlined) specificity, the same as the host-encoded CcrM (for “cell cycle-regulated methyltransferase”), which is an orphan, essential for bacterium viability, regulatory DNA methyltransferase (MTase), widespread among members of Alphaproteobacteria (it was found in all Alphaproteobacteria except Rickettsiales and Magnetococcales) [17,18]. The PhiLM21_p027 and the host CcrMLM21 proteins do not share sequence similarities. This is an interesting example of the convergent evolution between the virus and its native host enzyme, regarding their sequence specificity [14]. In this work, we analyzed the genome of the LM21 strain for the presence of other prophages. We identified three novel phage regions, which were thoroughly analyzed and carefully investigated for the presence of genes encoding DNA MTases to check if other prophages of this strain (like ΦLM21 previously) also encode modifying enzymes exhibiting CcrM-like specificity. We asked whether the phenomenon of mimicking regulatory mechanisms of the host by the virus encoding its own CcrM-like MTase is common in the genus Sinorhizobium. We also looked for other potential phage DNA MTase specificities widespread in Alphaproteobacteria. In the course of this study, in addition to the previously characterized (cellular CcrM and ΦLM21 CcrM-like) MTases, four novel prophage-encoded MTases were found. We showed that two of them also exhibited CcrM-like specificity. In the last part of the study, we screened the NCBI database for complete Sinorhizobium genomes identifying and re-annotating putative prophage regions. This enabled performing thorough comparative analyses of sinorhizobial viruses, showing that they encode a large amount of DNA MTases, frequently localized within their predicted replication modules.




2. Materials and Methods


2.1. Bacterial Strains, Plasmids, Media, and Growth Conditions


The following strains were used in this study: Escherichia coli TOP10F′ (Invitrogen, Waltham, MA, USA), E. coli ER2566 (New England BioLabs, Ipswich, MA, USA), E. coli ER2929 Dam− strain lysogenized with DE3 element [19] and Sinorhizobium sp. LM21 [16]. Sinorhizobium sp. LM21 was grown in tryptone-yeast extract (TY) medium [20] at 30 °C. E. coli strains were cultured under standard conditions in lysogeny broth (LB) medium at 37 °C. When required, media were supplemented with kanamycin (Km) at 50 μg mL−1. Plasmids pET28a and pET30a (Invitrogen, Waltham, MA, USA) were used as expression vectors.




2.2. DNA Sequencing


Genomic DNA of the LM21 strain was isolated using the CTAB/Lysozyme method [20]. An Illumina TruSeq library was constructed following manufacturer’s instructions and sequenced applying Illumina MiSeq instrument (using the v3 chemistry kit) (Illumina, San Diego, CA, USA). Raw reads were filtered for quality and assembled using Newbler version 3.0 software (Roche, Basel, Switzerland).




2.3. Bioinformatics


The LM21 draft genome was automatically annotated using RAST server [21,22]. The prophage sequences within the draft genome were identified using PhiSpy [23] and manual inspection. Then, the predicted prophage sequences were manually annotated using Clone Manager (Sci-Ed8) and Artemis software [24]. Similarity searches were performed using the BLAST program [25] provided by the NCBI, UniProt [26], and Pfam databases [27]. Putative tRNA genes were searched using the tRNAScan-SE [28] and ARAGORN programs [29]. Protein conserved domains and motifs were searched using MOTIF Search [30] and HHpred tools [31]. The MTase genes were tracked using the BLAST search with the REBASE [32] resources as a query, and the obtained results were manually verified. Phage taxonomy assignment was performed using VIRFAM [33] and BLAST searches of large terminase subunit and major capsid protein sequences of sinorhizobial phages against Caudovirales phages indicated in ICTV Master Species List 2016 v1.3 [34] (ictvonline.org). The visualization of the comparative genomic analyses results was performed with the application of Circoletto [35] and Gephi [36]. Similarity network was constructed based on all against all BLAST results with the application of our custom Python script. In the network each node represents a single protein and each edge reflects reciprocated sequence similarity between two proteins (above given thresholds).




2.4. Standard Molecular Biology Procedures


Standard DNA manipulations were carried out according to the protocols described by Sambrook and Russell [20]. PCR reactions were performed with Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA).




2.5. Cloning, Overexpression, Purification, and Testing of Putative DNA MTases Activities


The predicted DNA MTase genes identified within prophages Φ2LM21 and Φ3LM21 were amplified using specific oligonucleotide primers (Table S1). Then, the PCR products (after purification) were digested with appropriate enzymes and ligated with pET30a or pET28a vector cut with the same enzymes as the DNA of a relevant insert. Restriction enzymes used for cloning, vectors, and names of resulting recombinant plasmids are listed in Table S1. The recombinant enzymes were expressed in the E. coli ER2566. Protein expression and restriction enzyme digestion protection assay for revealing the sequence specificity of particular MTases was performed as previously described [37].




2.6. Cloning, Overexpression and Testing of Φ2LM21-Encoded Lytic Enzyme Activity


The DNA encoding putative lytic enzyme (Phi2LM21_p54) of the Φ2LM21 prophage was amplified by PCR using primers listed in Table S1. DNA product was cleaved with NdeI and XhoI and cloned into appropriate sites of digested pET30a plasmid, yielding pET-lyt. Plasmid pET-lyt was introduced into E. coli ER2566 and the resulting strain was inoculated and cultured in LB medium supplemented with glucose (final concentration of 1.0%) to an optical density (OD600) of 0.35. Then, the culture was centrifuged, resuspended in fresh LB medium and divided into two equal volumes—one supplemented with glucose and the other with IPTG (Isopropyl β-d-1-thiogalactopyranoside) to a final concentration of 1 mM. Growth of these two cultures was monitored by measuring the optical density.




2.7. Nucleotide Sequence Accession Number


The whole-genome shotgun project of Sinorhizobium sp. LM21 has been deposited in the NCBI GenBank database under the accession number SAMN06765771.





3. Results and Discussion


3.1. Identification and Classification of the Sinorhizobium sp. LM21 Prophages


Only two Sinorhizobium sp. LM21 prophages have been identified thus far. These were plasmid-like prophage, pLM21S1, and temperate phage, ΦLM21 (Figure 1) [14,16]. The pLM21S1 (117.5 kb) is an unusual extrachromosomal element that carries a RepC-like replication system (typical for repABC-type plasmids of Alphaproteobacteria [38] and is related to phage RHEph10 (GenBank accession No. JX483881) of Rhizobium etli CFN42 [39]. It also carries genes encoding enzymes involved in nicotinamide adenine dinucleotide (NAD) biosynthesis [16]. The second identified virus was a temperate phage, ΦLM21 (50.8 kb) [14]. The ΦLM21 phage was identified as an active virus after the treatment of Sinorhizobium sp. LM21 cells with mitomycin C. It was the only phage that was induced with this method in Sinorhizobium sp. LM21, which may suggest that pLM21S1 and other putative prophages within the LM21 genome are inactive, or alternatively, they may require specific, as yet unidentified environmental factors for induction.


Figure 1. Genome organization of pLM21S1, ΦLM21, Φ2LM21 and Φ3LM21 prophages, and Φ4LM21 prophage remnant of Sinorhizobium sp. LM21. Arrows indicate the transcriptional orientation of the genes. The plots show the GC contents of the prophages. The genetic map of pLM21S1 was divided to retain transparency. The virus-specific genetic modules were indicated by the black boxes.
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In the course of this study, the draft genome sequence of Sinorhizobium sp. LM21 was obtained. It was assembled into 136 contigs (the size ranged from 103 to 1,033,074 bp) with a total length of 7,615,909 bp and 62.26% GC content. Automatic annotation performed with the application of the RAST server revealed the presence of 7627 genes (including 55 tRNA genes). The total length of predicted genes was 6,673,962 bp, which comprises 87.9% of the genome.



Obtaining the LM21 draft genomic sequence enabled us to perform searches of other prophages. With the use of the PhiSpy tool and manual inspection, besides the abovementioned ΦLM21 and pLM21S1, we distinguished three novel prophage regions, which were named Φ2LM21, Φ3LM21, and Φ4LM21, respectively (Files S1–S3). Based on the predicted proteomes of the distinguished prophages, the VIRFAM tool [33] classified Φ2LM21 and Φ3LM21 into the Siphoviridae, and Φ4LM21 into the Myoviridae family.




3.2. Characterization of the Φ2LM21 and Φ3LM21 Prophages


Two of the DNA regions distinguished within the LM21 genome and containing clusters of viral genes most probably comprise complete prophages. Their predicted genome sizes are 46,599 bp for Φ2LM21 and 41,447 bp for Φ3LM21, and the GC content (60.65% and 61.24%, respectively) is slightly lower than the GC content of the LM21 genome (62.26%). For the Φ2LM21 and Φ3LM21 prophages, the manual annotation revealed the presence of 69 and 59 genes, respectively. The specific functions were assigned for 27 and 28 of those genes, respectively (Tables S2 and S3). The gene content and structural organization of functional Φ2LM21 and Φ3LM21 modules were similar to the previously described active phage ΦLM21, which was also classified into the Siphoviridae family.



The integration/excision modules of the Φ2LM21 and Φ3LM21 phages contain the tyrosine integrase genes (phi2LM21_p01 and phi3LM21_p01, respectively). The Φ2LM21-encoded integrase (360 amino acids (aa)) exhibited the highest identity (98%), with the integrases widely distributed in many Sinorhizobium/Ensifer genomes (e.g., GenBank accession Nos. OCP05027 and OCP11814). The Φ3LM21-encoded integrase (371 aa) showed the highest identity (83%) with site-specific integrase/recombinase of Rhizobium phage vB_RleM PPF1 (GenBank accession No. YP_009099606). It is noteworthy that Phi2LM21_p01 and Phi3LM21_p01 proteins and also an integrase of the ΦLM21 phage (GenBank accession No. AII27753) do not show significant sequence similarity. It was also possible to distinguish the potential attachment sites (attB) for both prophages. Ф2LM21 and Ф3LM21 integrated into phenylalanine tRNA (tRNA-Phe (GAA)) and proline tRNA (tRNA-Pro (CGG)) genes, respectively. Downstream of the predicted prophage regions, sequences identical to the first 17 and 57 nucleotides of the Ф2LM21 and Ф3LM21 genomes, respectively, could be identified. It is noteworthy that the previously identified phage, ΦLM21, was integrated into another proline tRNA (tRNA-Pro (GGG)) gene, and, in all abovementioned cases, integration reconstituted an intact copy of the appropriate genes.



The lysogeny control region in Φ2LM21 and Φ3LM21 is composed of two genes, i.e., phi2LM21_p16 and phi2LM21_p17 in Φ2LM21, and phi3LM21_p17 and phi3LM21_p18 in Φ3LM21. The first gene in each pair encodes a CI repressor-like protein (as the HTH_CROC1 (Cro/C1-type helix-turn-helix) conserved domain was identified in it), which is leftward orientated. The subsequent gene in each prophage most probably encodes Cro-like protein (as predicted using MOTIF Search and HHpred tools), which is in rightward orientation (Figure 1).



We predicted that phi2LM21_p26 and phi3LM21_p26 encode putative replication initiation proteins of prophages Φ2LM21 and Φ3LM21, respectively. Both proteins are homologous (28% of reciprocal identity) and contain a helix-turn-helix domain, which is most probably responsible for their interactions with DNA. Interestingly, within the replication modules of both prophages, the DNA MTase genes were also identified including: (i) phi2LM21_p23 (in Φ2LM21), encoding C5 cytosine-specific DNA methyltransferase (m5C MTase); and (ii) phi2LM21_p21 (in Φ2LM21) and phi3LM21_p21 (in Φ3LM21), encoding m6A MTases. We speculate that those enzymes may participate in regulation of phage replication. It is worth mentioning that, at the left arm of the prophage Φ2LM21, another m6A MTase gene (phi2LM21_p66) was found, which means that Φ2LM21 encodes, in total, three DNA MTases (Figure 1).



The packaging module is essential for packaging of virus DNA into the phage head [40]. In both prophages, Φ2LM21 and Φ3LM21, those modules are composed of two genes encoding small (terS) and large (terL) subunits of terminase, phi2LM21_p29-30 and phi3LM21_p29-30, respectively (Figure 1). Phi2LM21_p30 and Phi3LM21_p30 proteins belong to the phage terminase large subunit (GpA) superfamily (COG5525) [40] and exhibit 99% identity to prophage large subunits of terminase of Sinorhizobium sp. NFACC03 (GenBank accession No. SDA39297) and 88% identity to TerL protein of Ensifer sp. Root142 (GenBank accession No. WP_057224692), respectively. Sequence similarity between Phi2LM21_p30 and Phi3LM21_p30 was very low (21%), while both enzymes did not show sequence similarity with the ΦLM21-encoded TerL protein (GenBank accession No. AII27790).



In both phages, adjacent to the packaging modules, the gene clusters (phi2LM21_p31-52 and phi3LM21_p32-48, respectively) encoding phage structural proteins were identified. In Φ2LM21, the putative function could be assigned for 10 of them: (i) head-to-tail joining protein (Phi2LM21_p31); (ii) portal protein (Phi2LM21_p32); (iii) head maturation protease (Phi2LM21_p33); (iv) head decoration protein D (Phi2LM21_p35); (v) major capsid protein (Phi2LM21_p36); (vi) major tail protein (Phi2LM21_p41); (vii) tail assembly chaperone (Phi2LM21_p43); (viii) tail tape measure protein (Phi2LM21_p44); and (ix–x) two tail fiber proteins (Phi2LM21_p48 and Phi2LM21_p51). In Φ3LM21, the function could be assigned also for 10 predicted structural proteins and those were: (i) portal protein (Phi3LM21_p32); (ii) head maturation protease (Phi3LM21_p33); (iii) virion structural protein (Phi3LM21_p34); (iv) major capsid protein (Phi3LM21_p35); (v) head-to-tail joining protein (Phi3LM21_p37); (vi) major tail protein (Phi3LM21_p39); (vii) tail assembly chaperone (Phi3LM21_p40); (viii) tail tape measure protein (Phi3LM21_p42); (ix) tail protein (Phi3LM21_p47); and (x) tail fiber protein (Phi3LM21_p48) (Figure 1). The identified structural proteins share similarities with their functional counterparts of various phages and prophages of Alphaproteobacteria.



In both prophages, the host’s cell lysis genes are located downstream of the structural gene clusters. In Φ2LM21, those are phi2LM21_p54 and phi2LM21_p56, encoding putative chitinase (COG3179) exhibiting 92% identity to chitinase of Ensifer adhaerens X097 (GenBank accession No. OKP79630), and holin belonging to holin superfamily III [41] with 98% identity to LydA phage holin of Ensifer sp. Root1298 (GenBank accession No. KQX55447) [42], respectively. To verify the function of Phi2LM21_p54 as a predicted lytic enzyme, we cloned its gene into the plasmid vector pET30a under the control of an inducible T7 promotor. It was shown that the induction of the phi2LM21_p54 gene by IPTG had a lethal effect on the heterological host, resulting in cell lysis after 45 min (Figure S1). In Φ3LM21, only one gene (phi3LM21_p51) encoding lytic enzyme (putative chitinase (COG3179)) exhibiting the highest identity (83%) to several predicted chitinases of Sinorhizobium meliloti (GenBank accession Nos. WP_017267359, WP_027989971, andWP_028011802) was identified (Figure 1). This putative lytic enzyme is 82% identical with PhiLM21_p65 of ΦLM21, whose lytic activity was previously demonstrated experimentally [14].



In Φ2LM21 and Φ3LM21, the homologous genes (phi2LM21_p65 and phi3LM21B_p57) encoding ATP-dependent DNA ligases were also identified. Related DNA ligases are encoded within several other phages, including: ΦLM21 (GenBank accession No. AII27824), Rhizobium phage vB_RleM_PPF1 (GenBank accession No. AID18355), and Burkholderia phage Bcepil02 (GenBank accession No. ACR15036), which may suggest their role in phage functioning, e.g., in recombination or integration of the virus, however this needs further analyses.



Moreover, in Φ2LM21 and Φ3LM21, besides genes encoding “typical” phage proteins, several additional modules (most probably comprising auxiliary metabolism genes) were identified. The regions carrying the extra genes are clustered within the right arm of the predicted prophage, downstream of the putative chitinase genes, which may indicate that they were hitchhiked from the bacterial hosts.



In Φ2LM21 the following functions for the “extra” genes were predicted: (i) phi2LM21_p58 encodes a putative SOS response-associated peptidase (SRAP) of the SRAP family, which may act as a DNA-associated autoproteolytic switch that recruits diverse repair enzymes onto DNA damage [43]; and (ii) phi2LM21_p68 encodes a putative nucleoid-associated NdpA-like protein exhibiting 52% identity to the appropriate protein of Methylobacterium sp. UNCCL125 (GenBank accession No. SFV08872). Moreover, within the right arm of the Φ2LM21 prophage, the abovementioned m6A MTase (Phi2LM21_p66) is also encoded.



In the Φ3LM21 prophage, the putative functions for four of the auxiliary metabolism genes were predicted. The phi3LM21_p49 gene encodes an FkbM-like methyltransferase. It was shown previously that the homologs of this enzyme are required for specific methylation in the biosynthesis pathway of the macrocyclic polyketides (FK506 and FK520), with immunosuppressive activities in Streptomyces sp. strain MA6548 [44]. Interestingly, ΦLM21 also encodes a FkbM-like methyltransferase (GenBank accession No. AII27814), but both proteins seem to be unrelated. The phi3LM21_p52- encoded protein exhibited 72% identity to putative ammonia monooxygenase of Rhizobiales bacterium 68-8 (GenBank accession No. OJU35087). The ammonia monooxygenase is a metalloenzyme that catalyzes the oxidation of ammonia to hydroxylamine, which is the first step of nitrification of ammonia to nitrate [45]. Interestingly, the homologs of the Phi3LM21_p52 protein were found also in several phages, i.e., Erwinia phages, vB_EamM_Huxley and vB_EamM_ChrisDB, and Ralstonia phage, RSL2 (GenBank accession Nos. YP_009293074, YP_009292796, and YP_009213016). It was also revealed that the gene, phi3LM21_p60, encodes a putative ribose-phosphate pyrophosphokinase (Prs), showing the highest identity (99%) to related proteins in Ensifer/Sinorhizobium spp. (e.g., GenBank accession Nos. KDP75975, KQX04241, and KQZ45803). This enzyme transfers a pyrophosphoryl group from ATP to ribose 5-phosphate, synthesizing 5-phospho-α-d-ribose 1-diphosphate (PRPP). This reaction is needed during the synthesis of purines and pyrimidines, histidine and tryptophan amino acids, and NAD and NADP cofactors, and links these biosynthetic processes to the pentose phosphate pathway [46]. The last “additional” gene (phi3LM21_p62) of the Φ3LM21 prophage encodes a predicted lipopolysaccharide biosynthesis glycosyltransferase that may be involved in the addition of galactose or glucose residues to lipooligosaccharide (LOS) or lipopolysaccharide (LPS) of the bacterial cell surface [47]. Interestingly, genes encoding enzymes involved in LPS modification have been also identified in other temperate phages, e.g., phage ε15 conducting lysogenic conversion of Salmonella enterica, effecting in production of an altered form of LPS [48,49].




3.3. Characterization of the Φ4LM21 Prophage Remnant


The last prophage region, Φ4LM21, identified within the LM21 genome, seems to be incomplete and contains only structural and lysis genes (Figure 1, File S3). It was possible to distinguish 29 putative genes within this region and the potential function was assigned to 12 of them (Table S4). Amongst genes with predicted functions, there were eight encoding structural proteins: (i–ii) two baseplate assembly proteins J (genes phi4LM21_p08–p09); (iii) baseplate assembly protein W (phi4LM21C_p10); (iv) baseplate wedge component (phi4LM21_p11); (v) baseplate hub subunit and tail lysozyme (phi4LM21_p12); (vi) ATPase (phi4LM21_p19); (vii) tail tube protein (phi4LM21_p23); and (viii) tail sheath protein (phi4LM21_p24). Moreover, within the Φ4LM21, a putative gene (phi4LM21_p03) encoding the phage-related lysozyme (muraminidase) of GH24 family was identified. It exhibited the highest identity (99%) to several lytic enzymes of Ensifer/Sinorhizobium spp. (e.g., GenBank accession Nos. KQX25822, KSV67012, and SFH06584).




3.4. Functional Analyses of DNA Methyltransferases Encoded by the Sinorhizobium sp. LM21 Prophages


As mentioned above, two genes, phi2LM21_p21 and phi3LM21_p21, were predicted to encode m6A MTases. Protein products of these genes show 51% reciprocal identity, and, additionally, Phi2LM21_p21 and PhiLM21_p027 of ΦLM21 (GenBank accession No. AII27779) exhibit 33% identity. We demonstrated previously that the specificity of PhiLM21_p027 is GANTC (methylated nucleotide is underlined), the same as the host-encoded CcrM, a regulatory enzyme widespread among members of Alphaproteobacteria, although PhiLM21_p027 and CcrMLM21 do not share sequence similarities [14]. To determine whether GANTC sequences are substrates for Phi2LM21_p21 and Phi3LM21_p21, we digested the pET_Phi2LM21_p21 and pET_Phi3LM21_p21 plasmid DNAs isolated from IPTG-induced and non-induced E. coli cultures with HinfI restriction enzyme (specificity GANTC, inhibited by m6A methylation). To confirm the susceptibility of the substrate DNA to digestion, a number of adenine methylation-sensitive and –insensitive endonucleases in an REase digestion assay were used. The DNAs isolated from the induced cultures were either fully (pET_Phi3LM21_p21) or partially (pET_Phi2LM21_p21) resistant to cleavage by HinfI. All other REases were able to cleave substrate DNAs. Similarly, the pET_Phi2LM21_p21 and pET_Phi3LM21_p21 DNAs isolated from the non-induced cultures were susceptible to all restriction enzymes used, including HinfI (Figure 2).


Figure 2. Comparative restriction patterns of the pET_Phi2LM21_p21 and pET_Phi3LM21_p21 plasmid DNAs prepared from Escherichia coli ER2566 or ER2929 cells grown in the presence (ER2566i or ER2929i, respectively) or absence (ER2566U) of inducer IPTG and cleaved with selected restriction endonucleases (HinfI, MboI or Csp6I). Digest mixtures were electrophoresed on 0.8% agarose gel and stained with ethidium bromide. M—GeneRuler 100–10,000 bp size marker (Thermo Fisher Scientific, Waltham, MA, USA). The bands corresponding to supercoiled (ccc) and linear forms of the pET_Phi3LM21_p21 plasmid, as well as its multimeric forms were indicated.
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Additionally, in order to determine whether GATC sequences may also represent a substrate for Phi2LM21_p21 and Phi3LM21_p21 MTases, we re-transformed pET_Phi2LM21_p21 and pET_Phi3LM21_p21 plasmid DNAs to E. coli ER2929 Dam− strain lysogenized with DE3 element (in DNAs isolated from the E. coli ER2566 all GATC sites are m6A modified due to the host EcoKDam MTase activity) [19]. The plasmid DNAs isolated from the induced cultures of E. coli ER2929 Dam− strain were cleaved by MboI (GATC, inhibited by m6A methylation), while partial cleavage, with a large proportion of DNA fragments corresponding to linearized plasmids, was observed after using HinfI (Figure 2).



Based on all obtained results, we concluded that the sequence specificity of both Phi2LM21_p21 and Phi3LM21_p21 was GANTC. Thereby, these enzymes were recognized as alphaproteobacterial phage MTases mimicking the sequence specificity of the host CcrM regulatory enzyme.



Previously, three GANTC-specific m6A MTases (JCM7686_1231, JCM7686_2255, and JCM7686_2934) were identified in prophage regions of the Paracoccus aminophilus JCM 7686 genome (one of these prophages, ФPam-6, turned out to be active) [5]. These small 179-amino acid proteins share putative catalytic (NPPW/F/Y) and S-adenosyl methionine (SAM)-binding motifs with the later-discovered 218-aa PhiLM21_p027 enzyme of ΦLM21 [14]. Interestingly, Phi2LM21_p21 and Phi3LM21_p21 proteins, both analyzed in this work, are much larger—599 and 456 aa, respectively. It should be stressed that genes encoding all the above mentioned GANTC-specific MTases are localized upstream of a cluster of genes presumably involved in phage replication. The same specificity of these MTase enzymes and the same localization of their genes within the phage genome strongly suggest relevance of methyltransferase activity for the phage replication. Noteworthy, we identified numerous homologs of these phage MTases with CcrM-like specificity in genomes of active, virulent (e.g., Sinorhizobium phage phiN3 (GenBank accession No. YP_009212452)) and temperate (e.g., Rhizobium phage vB_RleM_PPF1 (GenBank accession No. YP_009099644 of)) Alphaproteobacteria phages and even more of them within putative Alphaproteobacteria prophage sequences, which may suggest that this phenomenon is common in Alphaproteobacteria phages (Figure 3).


Figure 3. Alignment of the putative and experimentally confirmed CcrM-like specific DNA methyltransferases (MTases) found within the phages and predicted prophage regions of Alphaproteobacteria. The MTases with the following NCBI accession numbers were used for the alignment: AKF13105 (of ΦM19); AKF12745 (of ΦM7); AKF13475 (of ΦN3); YP_007006552 (of Agrobacterium phage 7-7-1); AMO44073 (of Roseobacter phage DSS3P8); YP_001327580 (of Φ3_WSM419); AII27779 (of ΦLM21); WP_013844720 (of Φ3_AK83); WP_014529271 (of Φ2_SM11); NP_542323 (of ΦPBC5); ABF71344 (of Φ16-3); WP_020949973, WP_020951613 and WP_020952168 (of P. aminophilus prophages); CZT36155 (of Rhizobium sp. 9140), WP_015340530 (of Rhizobium tropici); NP_353476 (of Agrobacterium fabrum str. C58); YP_009099644 (of Rhizobium phage vB_RleM_PPF1); WP_056329376 (of Rhizobium sp. Root482); WP_010915672 (of Mesorhizobium loti); WP_016556512 (of Rhizobium grahamii); and YP_009146999 (of Aurantimonas phage AmM-1). Additionally, within the alignment, MTases analyzed in this work (i.e., Phi2LM21_p21 and Phi3LM21_p21) were also included. The conserved amino acids were distinguished and/or presented within the consensus sequence. Moreover, catalytic motif (also known as motif IV of MTases) composed of NPP(Y/W/F) residues was indicated by a green block above the alignment. To retain transparency, the alignment was trimmed on both sides, and only its central, conserved region was presented. The numbers of trimmed amino acids have been provided in parentheses.
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As these phage GANTC-specific MTases and CcrM proteins of their host are unrelated [14], it is therefore a clear example of evolutionary convergence of the sequence specificity of bacterial and phage CcrM-like enzymes in Alphaproteobacteria, similar to convergence of the GATC sequence specificity of bacterial and the majority of phage Dam-like proteins of Gammaproteobacteria [50].



Restriction enzyme digestion protection assay with panels of cytosine methylation-sensitive and adenine methylation-sensitive endonucleases were also used to test sequence specificity of Phi2LM21_p23, a putative m5C MTase, and Phi2LM21_p66, a putative m6A MTase. The DNAs of pET_Phi2LM21_p23 and pET_Phi2LM21_p66 isolated from the induced E. coli ER2566 cultures were sensitive to all restriction enzymes used in this test (data not shown), which suggests that the two remaining MTases of Φ2LM21 are inactive in a heterological host. In the case of Phi2LM21_p23, we can presume its specificity based on the similarity of this protein to JCM7686_0772 and JCM7686_2655—m5C MTases of P. aminophilus JCM7686 (44% identity), for which experimental data are available. They modify at least one cytosine in the CC motif [5]. Homologs of these relatively large (about 700 aa) phage proteins are widely distributed, not only in phage genomes of Alpha—(e.g., Rhizobium phage RR1-A) but also in Gammaproteobacteria. Similarly, m5C MTases with relaxed specificity are present in genomes of Aeromonas sp. ARM81 phages. Genes encoding ARM81mr_p29 of ФARM81mr and ARM81ld_p31 of the linear plasmid-prophage ФARM81ld (both have 34% identity with Phi2LM21_p23) are localized in a replication module (the same as Phi2LM21_p23) or in the vicinity of the plasmid partitioning system, respectively [51]. The location of these MTase genes adjacent to the replication/segregation module may suggest the relevance of the methyltransferase activity at this stage of the virus reproductive cycle.




3.5. Comparative Genomics and Networking of the Sinorhizobial (Pro)phages


For the comparative genomic analyses of the sinorhizobial viruses, 14 complete Ensifer/Sinorhizobium genomes available in GenBank (as of 1 March 2017) were screened for the presence of prophages. The use of the PhiSpy tool [23] indicated 46 potential prophage regions, which were afterwards verified by manual inspection (including identification of the predicted att sites). Finally, within the genomes of eight strains (i.e., Ensifer adherens Casida A (2 prophages), Sinorhizobium medicae WSM419 (3), S. meliloti RMO17 (1), S. meliloti AK83 (3), S. meliloti BL225C (2), S. meliloti Rm41 (2), S. meliloti SM11 (6), and Sinorhizobium americanum CFNEI73 (1)), 20 putative, complete prophages were identified and manually re-annotated (File S4).



Interestingly, until now, within the published data describing Ensifer/Sinorhizobium genomes, only a few prophage regions were mentioned (but not described in details) or the percentage contribution of the prophage regions within the particular bacterial genome was calculated [7,52]. This exemplifies the significant gap in our general knowledge concerning sinorhizobial (pro)phages. In this study, all (23) prophage regions identified within the sinorhizobial genomes, together with eight active lytic and temperate phages of Sinorhizobium spp. (i.e., ΦM12, ΦM7, ΦM19, ΦM9, ΦN3, Φ16-3, ΦPBC5, and ΦLM21) were subjected to thorough comparative analysis. The summary of the general features of particular sinorhizobial (pro)phages was presented in Table 1.



Table 1. Summary of the general features of Sinorhizobium/Ensifer (pro)phages.







	
(Pro)phage Name

	
(Pro)phage Host

	
Host/Phage Accession Number

	
Coordinates in Host’s Genome

	
(Pro)phage Size (bp)

	
Number of Genes

	
Integration Site






	
Φ1_CasidaA

	
E. adherens Casida A

	
NZ_CP015880.1

	
2834796..2878945

	
44,150

	
62

	
tRNA-Leu (CAA)




	
(chromosome)




	
Φ2_CasidaA

	
E. adherens Casida A

	
NZ_CP015880.1

	
2972802..3012361

	
39,560

	
63

	
Intergenic region




	
(chromosome)




	
Φ1_CFNEI73

	
S. americanum CFNEI73

	
NZ_CP013107.1

	
1807693..1861334

	
53,642

	
84

	
tRNA-Cys(GCA)




	
(chromosome)




	
Φ1_WSM419

	
S. medicae WSM419

	
NC_009636.1 (chromosome)

	
1392222..1433999

	
41,778

	
58

	
tRNA-Ser(TGA)




	
Φ2_WSM419

	
S. medicae WSM419

	
NC_009636.1 (chromosome)

	
1717421..1768019

	
50,599

	
66

	
tRNA-dihydrouridine synthase A (DusA)




	
Φ3_WSM419

	
S. medicae WSM419

	
NC_009636.1 (chromosome)

	
1934112..1984910

	
50,799

	
72

	
tRNA-Lys(CTT)




	
Φ1_Rm41

	
S. meliloti Rm41

	
NC_018700.1 (chromosome)

	
742114..794018

	
53,565

	
80

	
tRNA-Ser(GCT)




	
Φ2_Rm41

	
S. meliloti Rm41

	
NC_018700.1 (chromosome)

	
1833694..1887258

	
51,921

	
86

	
tRNA-Lys(CTT)




	
Φ1_RMO17

	
S. meliloti RMO17

	
NZ_CP009144.1 (chromosome)

	
2233094..2285133

	
52,040

	
76

	
tRNA-Lys(CTT)




	
Φ1_BL225C

	
S. meliloti BL225C

	
NC_017322.1 (chromosome)

	
1366482..1418152

	
51,671

	
67

	
tRNA-Asn(GTT)




	
Φ2_BL225C

	
S. meliloti BL225C

	
NC_017323.1

	
1651701..1686916

	
35,216

	
46

	
tRNA-Arg(CCG)




	
(pSINMEB02)




	
Φ1_SM11

	
S. meliloti SM11

	
NC_017325.1 (chromosome)

	
912263..969433

	
57,171

	
69

	
tRNA-Met(CAT)




	
Φ2_SM11

	
S. meliloti SM11

	
NC_017325.1 (chromosome)

	
1084292..1130096

	
45,805

	
57

	
N/A




	
Φ3_SM11

	
S. meliloti SM11

	
NC_017325.1 (chromosome)

	
1453058..1501481

	
48,424

	
63

	
tRNA-dihydrouridine synthase A (DusA)




	
Φ4_SM11

	
S. meliloti SM11

	
NC_017325.1 (chromosome)

	
1795391..1849554

	
54,164

	
81

	
tRNA-Leu(TAA)




	
Φ5_SM11

	
S. meliloti SM11

	
NC_017325.1 (chromosome)

	
1864579..1915967

	
51,389

	
72

	
tRNA-Asn(GTT)




	
Φ6_SM11

	
S. meliloti SM11

	
NC_017325.1 (chromosome)

	
2351730..2402613

	
50,865

	
76

	
tRNA-Pro(GGG)




	
Φ1_AK83

	
S. meliloti AK83

	
NC_015590.1 (chromosome 1)

	
264329..313309

	
48,981

	
62

	
tRNA-Thr(GGT)




	
Φ2_AK83

	
S. meliloti AK83

	
NC_015590.1 (chromosome 1)

	
795050..847939

	
52,890

	
78

	
tRNA-Ser(GCT)




	
Φ3_AK83

	
S. meliloti AK83

	
NC_015590.1 (chromosome 1)

	
2309762..2355282

	
45,521

	
61

	
tRNA-Met(CAT)




	
pS1LM21

	
Sinorhizobium sp. LM21

	
KM659098

	
N/A

	
117,539

	
150

	
N/A




	
ΦLM21

	
Sinorhizobium sp. LM21

	
KJ743987

	
N/A

	
50,827

	
72

	
tRNA-Pro(GGG)




	
Φ2LM21

	
Sinorhizobium sp. LM21

	
SAMN06765771

	
550879..597478 (Contig_2)

	
46,599

	
69

	
tRNA-Phe(GAA)




	
Φ3LM21

	
Sinorhizobium sp. LM21

	
SAMN06765771

	
78163..119610 (Contig_16)

	
41,447

	
59

	
tRNA-Pro(CGG)




	
Φ16-3

	
S. meliloti Rm41

	
DQ500118

	
N/A

	
60,195

	
110

	
tRNA-Pro(CGG)




	
ΦPBC5

	
S. meliloti 2011

	
NC_003324

	
N/A

	
57,416

	
83

	
N/A




	
ΦM7

	
S. meliloti (lh) 1

	
KR052480

	
virulent

	
188,427

	
359

	
N/A




	
ΦM9

	
S. meliloti (lh)

	
KP881232

	
virulent

	
149,218

	
271

	
N/A




	
ΦM12

	
S. meliloti (lh)

	
KF381361

	
virulent

	
194,701

	
377

	
N/A




	
ΦM19

	
S. meliloti (lh)

	
KR052481

	
virulent

	
188,047

	
361

	
N/A




	
ΦN3

	
S. meliloti (lh)

	
KR052482

	
virulent

	
206,713

	
398

	
N/A








1 lh—laboratory host (the strain used for identification of the phage), bp: base pair.








At first, all (predicted as complete) sinorhizobial (pro)phages compared in this work were subjected to analysis applying the VIRFAM tool [33], which enabled assigning of those viruses into appropriate families. It was revealed that within the analyzed pool of (pro)phages there were representatives of Siphoviridae (22 viruses), Myoviridae (6), and Podoviridae (3) (Table 1).



In the next step, with the application of the Circoletto tool [35], local nucleotide similarities within the genomes of analyzed (pro)phages were found (Figure S2). Although, all of the analyzed lytic phages were classified into T4 phage superfamily, the analysis confirmed previous findings showing that phages ΦN3, ΦM7, ΦM12, and ΦM19 create a separate group [not showing significant similarities with other sinorhizobial (pro)phages] and the ΦM9 was unique [12,53]. It is also worth mentioning that in 2016 phages ΦN3, ΦM7, ΦM12, and ΦM19 were clustered into a single genus called the M12-like viruses, and additionally phages ΦM12 and ΦM19 were considered as two strains of the same phage [53]. Furthermore, analyzing three others active, but temperate sinorhizobial phages (i.e., Φ16-3, ΦLM21, and ΦPBC5), we found that they show only partial (local) similarities to prophages identified within Sinorhizobium/Ensifer genomes and reciprocally (Figure S2).



Following the general comparative analysis of the nucleotide sequences of sinorhizobial (pro)phages, all 3688 proteins encoded by 31 analyzed (pro)phages were used in all against all BLASTP searches (thresholds: 10−5e-value, 50% identity and 50% of query coverage per subject) to construct protein similarity network. This resulted in a graph with 3688 nodes (proteins) and 3975 edges (reflecting reciprocal proteins similarities) which combined nodes into 666 subgraphs (groups of similar proteins) of different size and 1251 unique, one-element clusters (Figure 4). Amongst subgraphs, there were: 12s:6n, 11s:2n, 9s:5n, 8s:4n, 7s:26n, 6s:7n, 5s:26n, 4s:317n, 3s:98n, and 2s:175n, where s and n indicate the size (number of nodes) of a subgraph and the number of such subgraphs, respectively. This showed that 2437 (66.1%) of all analyzed proteins exhibited homology with at least one other protein in the dataset. Moreover, the analysis revealed that within the analyzed pool of (pro)phages there are highly unique ones, i.e., lytic phage ΦM9, temperate phages ΦPBC5, and Φ16-3, as well as predicted prophages Φ2_CasidaA, pLM21S1, Φ2_BL225C, Φ1_WSM419, and Φ1_SM11 (Figure 4). To allow transparent visualization of the selected protein networks, the separate clusterings were shown (Figure 4) and the sequences of those proteins were presented in the form of the multifasta files (File S5).


Figure 4. The similarity networks of the proteins encoded within the sinorhizobial phages. (a) The similarity network of 3688 sinorhizobial phages proteins. All the proteins (nodes) belonging to the same (pro)phage are circularly arranged and are linked to the others according to their identity value. The resulting picture for 50% threshold is shown. The size and color of each node (single protein) is proportional to its degree, which reflects the number of homologous proteins within the network (the more unique, the smaller and darker the node). Additionally, selected proteins were highlighted: large terminase subunits (green), major capsid proteins (magenta), integrases (red), holins (blue), ATP-dependent DNA ligases (light blue), endolysins (yellow) and DNA methyltransferases (pink). (b) Visualization of the similarity networks for selected proteins. The sequences of those proteins were presented as the multifasta files (File S5). Letters a, b and c beside the number of the (pro)phage indicate different DNA MTase encoded within the particular virus.
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Firstly, three groups of proteins commonly used as phage phylogenetic markers [54] were subjected to analyses, i.e., large subunits of terminases (TerLs), integrases (Ints) and major capsid proteins.



The analysis of the large subunits of terminases revealed 11 unique proteins not showing significant similarity to other TerLs encoded by the sinorhizobial phages. Those were terminases encoded by ΦM9, ΦPBC5, Φ16-3, ΦLM21, pLM21S1, Φ3LM21, Φ1_SM11, Φ6_SM11, Φ1_WSM419, Φ2_BL225C, and Φ2_CasidaA. The analysis of the overall sinorhizobial phage proteins similarity network revealed that the remaining large subunits of terminases clustered into five multi-element groups, where four groups clustered exclusively TerLs of prophages distinguished in silico within the sinorhizobial genomes, while the last group gathered four TerLs of Myoviridae lytic phages (Figure 4).



The protein clustering showed that integrases for all (21) distinguished prophage sequences and three temperate active phages are highly diversified although they are all tyrosine-specific recombinases. The most numerous group gathered three Int proteins identified in Φ3_WSM419, Φ2_Rm21, and Φ1_RMO17, whereas the remaining integrases were clustered into five pairs and 11 unique proteins (Figure 4). The comparative analysis of the predicted attachment sites for identified prophages and the ΦLM21 phage revealed the strong congruence between the overall clustering of integrases and the nucleotide sequences of attBs, which may indicate the specificity of particular enzymes toward recognized DNA regions.



The analysis of the major capsid proteins revealed that they were clustered into six multi-element groups composed of: seven (one group), four (two groups), three (one group), and two (pairs) proteins. The remaining nine proteins were unique. The largest group was created by major capsid proteins of Φ1_CasidaA, Φ2_WSM419, Φ1_AK83, Φ1_BL225C, Φ3_SM11, Φ5_SM11, and Φ2LM21 (Figure 4).



In summary, following analysis of the similarity networks for three groups of proteins used as phage molecular markers we may conclude that large subunits of terminases (TerLs) and major capsid proteins represent congruent clustering, while integrases are much less conserved, and it would be difficult to use them as phylogenetic markers for temperate sinorhizobial viruses characterization.



The protein network analysis was also performed for other proteins encoded within examined (pro)phages. The analysis of the components of the phage lytic systems revealed the presence of 16 holins and 31 peptidoglycan hydrolases (endolysins), capable of degrading the bacterial cell wall. The analysis of the protein similarity networks revealed that distinguished holins were clustered into five groups comprised of: (i) 11 elements (predicted holins of ΦLM21, Φ3_WSM419, Φ1_AK83, Φ2_AK83, Φ1_Rm41, Φ2_Rm41, Φ1_RMO17, Φ3_SM11, Φ4_SM11, Φ5_SM11, and Φ6_SM11); (ii) four elements (LydA-like holins of Φ1_CasidaA, Φ1_WSM419, Φ1_BL225C, and Φ2LM21); (iii) two elements (holins of Φ1_WSM419 and Φ16-3); and (iv–v) one element (unique holins encoded by the phage Φ1_CFNEI73 and Φ1_WSM419) (Figure 4). Phage-encoded endolysins were clustered into five groups. The largest cluster consists of enzymes encoded by 11 prophages (Φ3LM21, Φ3_WSM419, Φ1_AK83, Φ2_AK83, Φ1_Rm41, Φ2_Rm41, Φ1_RMO17, Φ3_SM11, Φ4_SM11, Φ5_SM11, and Φ6_SM11) and a temperate phage ΦLM21. A seven-element cluster comprises predicted chitinases encoded by Φ1_CasidaA, Φ2_CasidaA, Φ2LM21, and four Myoviridae lytic phages. That was the first example when proteins encoded by the lytic phages did not cluster separately. There were also three pairs representing proteins most probably resembling different specificities, i.e., N-acetylmuramidases (of prophages Φ3_AK83 and Φ2_SM11), lambda-like lysozymes (of Φ1_WSM419 and Φ1_BL225C), and N-acetylmuramoyl-l-alanine amidases (of Φ1_CFNEI73 and ΦPBC5). Other distinguished endolysins were unique. Comparing the clustering of holins and endolysins, we found apparent congruency, which suggests that their genes form pairs and their products function as co-operating enzymes.



Within analyzed (pro)phages, 39 genes encoding DNA MTases were identified. The majority (33) of those enzymes were classified as m6A or m4C MTases. Only in seven prophages (pLM21S1, Φ1_WSM419, Φ1_AK83, Φ2_AK83, Φ2_BL225C, Φ4_SM11, and Φ6_SM11) were we not able to distinguish genes encoding DNA MTases. The highest number (4) of the MTase genes were identified in Φ3_AK83. In four (pro)phages (Φ1_BL225C, Φ2LM21, and ΦPBC5) as many as three genes encoding DNA MTases were identified, while, in six other (pro)phages (Φ1_RMO17, Φ1_SM11, Φ16-3, ΦM19, ΦM7, and ΦN3), two genes encoding DNA MTases were found. As shown by the protein network analyses, the identified DNA MTases are highly diverse, which make speculations about their DNA specificity difficult. On the other hand, it was noticed that most of the identified MTase genes were located in the proximity of the phage replication system, including all m6A MTases with an NPPY/F/W amino acid motif (the same as was previously shown for MTase genes of ΦLM21, Φ2LM21, and Φ3LM21). Therefore, we hypothesize that the identified MTases (with NPPY/F/W motifs) may also mimic the specificity of the host regulatory CcrM modifying enzyme (i.e., recognize and methylate GANTC sequence) and probably play a role in the virus cycle. The goal of future work is to determine the specific DNA sequences recognized by identified MTases of other sinorhizobial phages and test which of them exhibit CcrM-like specificity.



The analysis of the protein network revealed also that 17 (pro)phages encode ATP-dependent DNA ligases. Among these, 10 proteins encoded by prophages ΦLM21, Φ2LM21, Φ3LM21, Φ1_CasidaA, Φ1_CFNEI73, Φ1_WSM419, Φ1_BL225C, Φ1_Rm41, Φ2_Rm41, Φ1_RMO17, and Φ6_SM11 created a clustered group, in which the one encoded by Φ1_RMO17 seems to be most distinct. Another four-element cluster of ATP-dependent DNA ligases was created by those encoded by Myoviridae phages, which also encode homologous RNA ligases (data not shown). The last two ligases, identified in pLM21S1 and ΦM9, were unique.



Annotation of the phage genomes is still a challenging operation, as usually nearly 60–70% of genes remain annotated as encoding hypothetical proteins [55]. In this study, we faced the same problem, since 2667 (72.32%) of all analyzed (pro)phage proteins were initially annotated as hypothetical ones. After the manual re-annotation of the prophage regions identified within the Sinorhizobium spp. Genomes, we proposed the function for 141 (5.3%) predicted (previously hypothetical) proteins (File S4). Moreover, performing the large-scale protein networking analysis, we were able to suggest the possible function for the next 108 (4%) proteins, annotated previously as hypothetical. Those proteins in our analysis were clustered together with other proteins of predicted functions. Based on this result, we may conclude that the application of the complex manual annotation and high-throughput protein similarity network analysis in (pro)phage studies may significantly facilitate the future annotation of viral genomes and bring valuable suggestions concerning the possible function of the phage proteins for future experimental validations.





4. Conclusions


In the presented study, thorough manual analysis of the Sinorhizobium genomes revealed the presence of 23 prophages, which, together with eight previously identified active sinorhizobial phages, were subjected to complex comparative analyses applying protein networking. This study revealed that amongst analyzed viral proteins, holins, endolysins, and ATP-dependent DNA ligases are the most conserved, and it was shown that, especially, lytic enzymes form pairs whose genes are co-localized within particular phages. Moreover, congruence between the clustering of large subunits of terminases and major capsid proteins was observed, which reflects the phylogenetic relations between analyzed phages.



The analysis performed was the first such complex comparative study of the sinorhizobial phages. Using the example of Sinorhizobium phages, it was shown that application of complex manual annotation and high-throughput protein similarity network analysis may significantly improve overall phage annotation, as in this study we were able to suggest the possible function for nearly 10% of predicted proteins, previously annotated as hypothetical ones.



Moreover, in this study, it was shown that genes encoding DNA MTases are abundant in genomes of sinorhizobial phages and the phenomenon of the convergent evolution between phage MTases and the host regulatory CcrM MTase is common in Sinorhizobium spp., and most probably in other Alphaproteobacteria. Interestingly, it was also shown that the DNA MTases exhibiting CcrM-like specificity may not share high sequence similarity, however, they are all localized within the predicted replication modules of phages, which strongly suggests their regulatory role.








Supplementary Materials


The following are available online at www.mdpi.com/1999-4915/9/7/161/s1, Figure S1: Profiles of E. coli ER2566 cell lysis as the result of Phi2LM21_p54 expression; Figure S2: Comparative genomic analyses of 31 sinorhizobial (pro)phages; Table S1: Oligonucleotide primers used in this study; Table S2: Genes located within the Φ2LM21 prophage; Table S3: Genes located within the ΦL3M21 prophage; Table S4: Genes located within the Φ4LM21 prophage remnant; File S1: GenBank file with annotated sequence of the Φ2LM21 prophage; File S2: GenBank file with annotated sequence of the Φ3LM21 prophage; File S3: GenBank file with annotated sequence of the Φ4LM21 prophage remnant; File S4: Combined GenBank files with annotated sequences of 20 putative, complete prophages retrieved from the Ensifer/Sinorhizobium genomes; File S5: Combined multifasta files with amino acid sequences of the large subunits of terminases, major capsid proteins, integrases, holins, endolysins, ATP-dependent DNA ligases and DNA methyltransferases of analyzed Ensifer/Sinorhizobium (pro)phages.





Acknowledgments


We thank Jan Gawor from the DNA Sequencing and Oligonucleotide Synthesis Laboratory IBB PAS (Warsaw, Poland), where the LM21 genome sequencing was carried out with the use of CePT infrastructure financed by the European Union—the European Regional Development Fund (Innovative economy 2007–13, Agreement POIG.02.02.00-14-024/08-00). This work was founded by the Ministry of Science and Higher Education, Poland (program “Iuventus Plus” realized in 2015–2016; grant No. IP2014 009073) and partially from the grant No. BST 140400/501/64-172900 from the Department of Virology, Faculty of Biology, University of Warsaw (Warsaw, Poland). This article does not contain any studies with human participants or animals performed by any of the authors.




Author Contributions


P.D., M.R. and L.D. conceived and designed the experiments; P.D., M.R. and L.D. performed the experiments; P.D., M.R. and L.D. analyzed the data; M.R. and L.D. contributed reagents/materials/analysis tools; and P.D., M.R. and L.D. wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	1. 
Denison, R.F.; Toby Kiers, E. Why are most rhizobia beneficial to their plant hosts, rather than parasitic? Microbes Infect. 2004, 6, 1235–1239. [Google Scholar] [CrossRef] [PubMed]

	2. 
Dziewit, L.; Czarnecki, J.; Prochwicz, E.; Wibberg, D.; Schluter, A.; Puhler, A.; Bartosik, D. Genome-guided insight into the methylotrophy of Paracoccus aminophilus JCM 7686. Front. Microbiol. 2015, 6, 852. [Google Scholar] [CrossRef] [PubMed]

	3. 
Sahni, S.K.; Narra, H.P.; Sahni, A.; Walker, D.H. Recent molecular insights into rickettsial pathogenesis and immunity. Future Microbiol. 2013, 8, 1265–1288. [Google Scholar] [CrossRef] [PubMed]

	4. 
Dicenzo, G.C.; Checcucci, A.; Bazzicalupo, M.; Mengoni, A.; Viti, C.; Dziewit, L.; Finan, T.M.; Galardini, M.; Fondi, M. Metabolic modelling reveals the specialization of secondary replicons for niche adaptation in Sinorhizobium meliloti. Nat. Commun. 2016, 7, 12219. [Google Scholar] [CrossRef] [PubMed]

	5. 
Dziewit, L.; Czarnecki, J.; Wibberg, D.; Radlinska, M.; Mrozek, P.; Szymczak, M.; Schlüter, A.; Pühler, A.; Bartosik, D. Architecture and functions of a multipartite genome of the methylotrophic bacterium Paracoccus aminophilus JCM 7686, containing primary and secondary chromids. BMC Genom. 2014, 15, 124. [Google Scholar] [CrossRef] [PubMed]

	6. 
Galardini, M.; Pini, F.; Bazzicalupo, M.; Biondi, E.G.; Mengoni, A. Replicon-dependent bacterial genome evolution: The case of Sinorhizobium meliloti. Genome Biol. Evol. 2013, 5, 542–558. [Google Scholar] [CrossRef] [PubMed]

	7. 
Schneiker-Bekel, S.; Wibberg, D.; Bekel, T.; Blom, J.; Linke, B.; Neuweger, H.; Stiens, M.; Vorholter, F.J.; Weidner, S.; Goesmann, A.; et al. The complete genome sequence of the dominant Sinorhizobium meliloti field isolate SM11 extends the S. meliloti pan-genome. J. Biotechnol. 2011, 155, 20–33. [Google Scholar] [CrossRef] [PubMed]

	8. 
Lagares, A.; Sanjuan, J.; Pistorio, M. The plasmid mobilome of the model plant-symbiont Sinorhizobium meliloti: Coming up with new questions and answers. Microbiol. Spectr. 2014, 2. [Google Scholar] [CrossRef] [PubMed]

	9. 
Weidner, S.; Puhler, A.; Kuster, H. Genomics insights into symbiotic nitrogen fixation. Curr. Opin. Biotechnol. 2003, 14, 200–205. [Google Scholar] [CrossRef]

	10. 
Donnarumma, F.; Bazzicalupo, M.; Blazinkov, M.; Mengoni, A.; Sikora, S.; Babic, K.H. Biogeography of Sinorhizobium meliloti nodulating alfalfa in different Croatian regions. Res. Microbiol. 2014, 165, 508–516. [Google Scholar] [CrossRef] [PubMed]

	11. 
Marek-Kozaczuk, M.; Wielbo, J.; Pawlik, A.; Skorupska, A. Nodulation competitiveness of Ensifer meliloti alfalfa nodule isolates and their potential for application as inoculants. Pol. J. Microbiol. 2014, 63, 375–386. [Google Scholar] [PubMed]

	12. 
Johnson, M.C.; Tatum, K.B.; Lynn, J.S.; Brewer, T.E.; Lu, S.; Washburn, B.K.; Stroupe, M.E.; Jones, K.M. Sinorhizobium meliloti phage ΦM9 defines a new group of T4 superfamily phages with unusual genomic features but a common T=16 capsid. J. Virol. 2015, 89, 10945–10958. [Google Scholar] [CrossRef] [PubMed]

	13. 
Brewer, T.E.; Stroupe, M.E.; Jones, K.M. The genome, proteome and phylogenetic analysis of Sinorhizobium meliloti phage ΦM12, the founder of a new group of T4-superfamily phages. Virology 2014, 450–451, 84–97. [Google Scholar] [CrossRef] [PubMed]

	14. 
Dziewit, L.; Oscik, K.; Bartosik, D.; Radlinska, M. Molecular characterization of a novel temperate Sinorhizobium bacteriophage, ФLM21, encoding DNA methyltransferase with CcrM-like specificity. J. Virol. 2014, 88, 13111–13124. [Google Scholar] [CrossRef] [PubMed]

	15. 
Dorgai, L.; Papp, I.; Papp, P.; Kalman, M.; Orosz, L. Nucleotide sequences of the sites involved in the integration of phage 16–3 of Rhizobium meliloti 41. Nucleic Acids Res. 1993, 21, 1671. [Google Scholar] [CrossRef] [PubMed]

	16. 
Dziewit, L.; Pyzik, A.; Szuplewska, M.; Matlakowska, R.; Mielnicki, S.; Wibberg, D.; Schlüter, A.; Pühler, A.; Bartosik, D. Diversity and role of plasmids in adaptation of bacteria inhabiting the Lubin copper mine in Poland, an environment rich in heavy metals. Front. Microbiol. 2015, 6, 152. [Google Scholar] [CrossRef] [PubMed]

	17. 
Gonzalez, D.; Kozdon, J.B.; McAdams, H.H.; Shapiro, L.; Collier, J. The functions of DNA methylation by CcrM in Caulobacter crescentus: A global approach. Nucleic Acids Res. 2014, 42, 3720–3735. [Google Scholar] [CrossRef] [PubMed]

	18. 
Kahng, L.S.; Shapiro, L. The CcrM DNA methyltransferase of Agrobacterium tumefaciens is essential, and its activity is cell cycle regulated. J. Bacteriol. 2001, 183, 3065–3075. [Google Scholar] [CrossRef] [PubMed]

	19. 
Siwek, W.; Czapinska, H.; Bochtler, M.; Bujnicki, J.M.; Skowronek, K. Crystal structure and mechanism of action of the N6-methyladenine-dependent type IIM restriction endonuclease R.DpnI. Nucleic Acids Res. 2012, 40, 7563–7572. [Google Scholar] [CrossRef] [PubMed]

	20. 
Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2001. [Google Scholar]

	21. 
Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M.; et al. The RAST Server: Rapid annotations using subsystems technology. BMC Genom. 2008, 9, 75. [Google Scholar] [CrossRef] [PubMed]

	22. 
Overbeek, R.; Olson, R.; Pusch, G.D.; Olsen, G.J.; Davis, J.J.; Disz, T.; Edwards, R.A.; Gerdes, S.; Parrello, B.; Shukla, M.; et al. The SEED and the Rapid Annotation of microbial genomes using Subsystems Technology (RAST). Nucleic Acids Res. 2014, 42, D206–D214. [Google Scholar] [CrossRef] [PubMed]

	23. 
Akhter, S.; Aziz, R.K.; Edwards, R.A. PhiSpy: A novel algorithm for finding prophages in bacterial genomes that combines similarity- and composition-based strategies. Nucleic Acids Res. 2012, 40, e126. [Google Scholar] [CrossRef] [PubMed]

	24. 
Carver, T.; Berriman, M.; Tivey, A.; Patel, C.; Bohme, 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] [PubMed]

	25. 
Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402. [Google Scholar] [CrossRef] [PubMed]

	26. 
Apweiler, R.; Bairoch, A.; Wu, C.H.; Barker, W.C.; Boeckmann, B.; Ferro, S.; Gasteiger, E.; Huang, H.; Lopez, R.; Magrane, M.; et al. UniProt: the Universal Protein knowledgebase. Nucleic Acids Res. 2004, 32, D115–D119. [Google Scholar] [CrossRef] [PubMed]

	27. 
Finn, R.D.; Bateman, A.; Clements, J.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Heger, A.; Hetherington, K.; Holm, L.; Mistry, J.; et al. Pfam: The protein families database. Nucleic Acids Res. 2014, 42, D222–D230. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 1997, 25, 955–964. [Google Scholar] [CrossRef] [PubMed]

	29. 
Laslett, D.; Canback, B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide sequences. Nucleic Acids Res. 2004, 32, 11–16. [Google Scholar] [CrossRef] [PubMed]

	30. 
MOTIF Search. Available online: http://www.genome.jp/tools/motif/ (accessed on 15 April 2017).

	31. 
Soding, J.; Biegert, A.; Lupas, A.N. The HHpred interactive server for protein homology detection and structure prediction. Nucleic Acids Res. 2005, 33, W244–W248. [Google Scholar] [CrossRef] [PubMed]

	32. 
Roberts, R.J.; Vincze, T.; Posfai, J.; Macelis, D. REBASE—A database for DNA restriction and modification: Enzymes, genes and genomes. Nucleic Acids Res. 2010, 38, D234–D236. [Google Scholar] [CrossRef] [PubMed]

	33. 
Lopes, A.; Tavares, P.; Petit, M.A.; Guerois, R.; Zinn-Justin, S. Automated classification of tailed bacteriophages according to their neck organization. BMC Genom. 2014, 15, 1027. [Google Scholar] [CrossRef] [PubMed]

	34. 
International Committee on Taxonomy of Viruses (ICTV). Available online: ictvonline.org (accessed on 10 April 2017).

	35. 
Darzentas, N. Circoletto: Visualizing sequence similarity with Circos. Bioinformatics 2010, 26, 2620–2621. [Google Scholar] [CrossRef] [PubMed]

	36. 
Bastian, M.; Heymann, S.; Jacomy, M. Gephi: An open source software for exploring and manipulating networks. In Proceedings of the Third International AAAI Conference on Weblogs and Social Media, San Jose, CA, USA, 17–20 May 2009. [Google Scholar]

	37. 
Drozdz, M.; Piekarowicz, A.; Bujnicki, J.M.; Radlinska, M. Novel non-specific DNA adenine methyltransferases. Nucleic Acids Res. 2012, 40, 2119–2130. [Google Scholar] [CrossRef] [PubMed]

	38. 
Cevallos, M.A.; Cervantes-Rivera, R.; Gutierrez-Rios, R.M. The repABC plasmid family. Plasmid 2008, 60, 19–37. [Google Scholar] [CrossRef] [PubMed]

	39. 
Santamaria, R.I.; Bustos, P.; Sepulveda-Robles, O.; Lozano, L.; Rodriguez, C.; Fernandez, J.L.; Juarez, S.; Kameyama, L.; Guarneros, G.; Davila, G.; et al. Narrow-host-range bacteriophages that infect Rhizobium etli associate with distinct genomic types. Appl. Environ. Microbiol. 2014, 80, 446–454. [Google Scholar] [CrossRef] [PubMed]

	40. 
Duffy, C.; Feiss, M. The large subunit of bacteriophage lambda’s terminase plays a role in DNA translocation and packaging termination. J. Mol. Biol. 2002, 316, 547–561. [Google Scholar] [CrossRef] [PubMed]

	41. 
Schmidt, C.; Velleman, M.; Arber, W. Three functions of bacteriophage P1 involved in cell lysis. J. Bacteriol. 1996, 178, 1099–1104. [Google Scholar] [CrossRef] [PubMed]

	42. 
Bai, Y.; Muller, D.B.; Srinivas, G.; Garrido-Oter, R.; Potthoff, E.; Rott, M.; Dombrowski, N.; Munch, P.C.; Spaepen, S.; Remus-Emsermann, M.; et al. Functional overlap of the Arabidopsis leaf and root microbiota. Nature 2015, 528, 364–369. [Google Scholar] [CrossRef] [PubMed]

	43. 
Aravind, L.; Anand, S.; Iyer, L.M. Novel autoproteolytic and DNA-damage sensing components in the bacterial SOS response and oxidized methylcytosine-induced eukaryotic DNA demethylation systems. Biol. Direct 2013, 8, 20. [Google Scholar] [CrossRef] [PubMed]

	44. 
Motamedi, H.; Shafiee, A.; Cai, S.J.; Streicher, S.L.; Arison, B.H.; Miller, R.R. Characterization of methyltransferase and hydroxylase genes involved in the biosynthesis of the immunosuppressants FK506 and FK520. J. Bacteriol. 1996, 178, 5243–5248. [Google Scholar] [CrossRef] [PubMed]

	45. 
Gilch, S.; Meyer, O.; Schmidt, I. A soluble form of ammonia monooxygenase in Nitrosomonas europaea. Biol. Chem. 2009, 390, 863–873. [Google Scholar] [CrossRef] [PubMed]

	46. 
Hove-Jensen, B.; Nygaard, P. Phosphoribosylpyrophosphate synthetase of Escherichia coli, Identification of a mutant enzyme. Eur. J. Biochem. 1982, 126, 327–332. [Google Scholar] [CrossRef] [PubMed]

	47. 
Coutinho, P.M.; Deleury, E.; Davies, G.J.; Henrissat, B. An evolving hierarchical family classification for glycosyltransferases. J. Mol. Biol. 2003, 328, 307–317. [Google Scholar] [CrossRef]

	48. 
Kropinski, A.M.; Kovalyova, I.V.; Billington, S.J.; Patrick, A.N.; Butts, B.D.; Guichard, J.A.; Pitcher, T.J.; Guthrie, C.C.; Sydlaske, A.D.; Barnhill, L.M.; et al. The genome of ε15, a serotype-converting, Group E1 Salmonella enterica-specific bacteriophage. Virology 2007, 369, 234–244. [Google Scholar] [CrossRef] [PubMed]

	49. 
Losick, R.; Robbins, P.W. Mechanism of epsilon-15 conversion studies with a bacterial mutant. J. Mol. Biol. 1967, 30, 445–455. [Google Scholar] [CrossRef]

	50. 
Bujnicki, J.M.; Radlinska, M.; Zaleski, P.; Piekarowicz, A. Cloning of the Haemophilus influenzae Dam methyltransferase and analysis of its relationship to the Dam methyltransferase encoded by the HP1 phage. Acta Biochim. Pol. 2001, 48, 969–983. [Google Scholar] [PubMed]

	51. 
Dziewit, L.; Radlinska, M. Two novel temperate bacteriophages co-existing in Aeromonas sp. ARM81—Characterization of their genomes, proteomes and DNA methyltransferases. J. Gen. Virol. 2016, 97, 2008–2022. [Google Scholar] [CrossRef] [PubMed]

	52. 
Galibert, F.; Finan, T.M.; Long, S.R.; Puhler, A.; Abola, P.; Ampe, F.; Barloy-Hubler, F.; Barnett, M.J.; Becker, A.; Boistard, P.; et al. The composite genome of the legume symbiont Sinorhizobium meliloti. Science 2001, 293, 668–672. [Google Scholar] [CrossRef] [PubMed]

	53. 
Jones, K.M.; Stroupe, M.E.; Sousa, D.R.; Kropinski, A.M.; Adriaenssens, E.M.; Kuhn, J.H.; Grose, J.H. ICTV Taxonomic Proposal 2016.025a-dB.A.v1.M12virus. Create Genus M12virus in the Family Myoviridae, Order Caudovirales. International Committee on Taxonomy in Viruses (ICTV), 2016. Available online: http://www.ictv.global/proposals-16/2016.025a-dB.A.v1.M12virus.pdf (accessed on 26 June 2017).

	54. 
Casjens, S.R.; Gilcrease, E.B.; Winn-Stapley, D.A.; Schicklmaier, P.; Schmieger, H.; Pedulla, M.L.; Ford, M.E.; Houtz, J.M.; Hatfull, G.F.; Hendrix, R.W. The generalized transducing Salmonella bacteriophage ES18: Complete genome sequence and DNA packaging strategy. J. Bacteriol. 2005, 187, 1091–1104. [Google Scholar] [CrossRef] [PubMed]

	55. 
Fouts, D.E. Phage_Finder: Automated identification and classification of prophage regions in complete bacterial genome sequences. Nucleic Acids Res. 2006, 34, 5839–5851. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  viruses-09-00161


  
    		
      viruses-09-00161
    


  




  





media/file6.jpg





media/file1.png
T 68.4%

59.5%
st WWWWMWWWWM
(117,539 bp)

14229
tRNA-Cys V/4

DD—PI»D—»DDQM D)) i) | > w1 DD b D) (DIMDIOMID D DDDIND

1 68.4%

59.5%

RNA-A R L4229
// tRNA- sn tRNA-Met 2.2%
//

P D <IDMKKK #»WDDMDWWD—»HWMPMW
 PAC | HTA |

dLM21
(50,827 bp)
ﬁ WM«M MMP ) pumpmp Dup)D)(DupD PP ) e m— 4a) WN . 4
| __REP

T 68.2%

®2LM21

t 60.7%
(46,599 bp)

39.5%

T g

T 68.2%

®3LM21
(41,447 bp)

63.7%

Wmmmm®m»w»mm-—ﬁ>wmmd
INT N

T72.7%

®ALM21 MFNW\J\/\/V\MAM A I f\ﬂM/\f\ o [l

(44,042 bp) W"V\/ V VVV\jWU AV '\/“w’ Weu%

43.7%

<)<3<-bli> X K 4| ) < | 0
LYS| HTA
<:| - hypothetical protein « - protein with predicted function <:| - DNA methyltransferase ,s—kb,

- integration - recombination - lysis-lysogeny switch  [RIEd - replication - packaging - head and tail assembly - lysis






media/file7.png
—
Q
"’

...‘Oooo."...
()

®2_CasidaA .E ®1 Casida

%,

..oe o

".

®2LM21 §i @3LM21

...“...

.....ooo..‘..

™,

1_WSM419

. Node degree

(]
(LY Y
......

®3_Ak83

"eeresors®

)
®1_BL225C §

®PBC5

O

11

6-®2 CasidaA 14 - ®1_BL225C
7-®1_CFNEI73 15 - ®2 BL225C
8 - ®1_AKS3

16 - ®1_RMO17

(b) 6 26 o 1 % 2
° [ °é
2‘ 23 20 ® ..27 7 29.—.23
28 31 L&
17 7 12 ¢ S @3
¢ 5.—.' - k) %4 M ¢ ®
e é o o e
11 14. & 23 . 3 & .2 .19‘
21 18 25
* g ° Y “ e B 2 1‘7.
22."‘ 18 2 1699 ® 1
16 ° 2 o @
19 6 10
Large terminase subunits | Major capsid proteins
8 . 17
9 | 14 ® 18, e
e ® o
. i R P ‘4 . 160 > 5
13 7 13 20 24(F i
;@ ° ° 17O 2 .5 ® .3
° 169-®,, 24 .12 g 14
g . @ 18 QAP 2 16
tg %o 21 0,, 26
' 19 ®;5 T 1 o 25 R
20® y ® 21 o 4 270 O
Y 2 31® 31 29
: ATP-dependent
Integrases :
9 Holins DNA ligases
26 29 12 m6A/m4C © m5C
OO, Q 7 2a 2 '
SEHEED, O14 O 30¢ 404 28b ' 30p
6" © 30a 3 S ; 6
24 23 ' ’22 N o ® 21 .
16 o (e L) 1 25 25acy (0 o
15 Q AEEaT 21 2b
N o) 5 14b 27a 16b
13 17 ' g) 2z ), 17 19 2
25 :
O ° .4 :0 14: e} 10b 168 : 19b
" 31b 10a 10c
_ 18
Endolysins DNA methyltransferases
1-®OLM21 9-®2_AK83 17 - ®1_Rm41 25 - ®M9
2 - P2L.M21 10 - ®3_AKS83 18- ®2_Rm41 26 - ®M12
3 - ®3LM21 11-d1_WSM419 19-P1_SM11 27 - ®M19
4 - pLM2131 12-®2 WSM419 20-Pd2_SM11 28 - PM7
5-®1_CasidaA 13-®3 WSM419 21-®d3_SM11 29 - ®N3

22 -®4 SM11 30 - DPBC5
23-®5 SM11  31-d16-3
24 - ©6_SM11






media/file5.png
WP_014526805
YP_ 007006552
AMO44073
YP_001327580
AII27779
WP_013844720
WP_014529271
NP_542323
ABF71344
AKF13105
AKF12745
AKF13475
WP_020949973
WP_020951613
WP_020952168
Phi2IM21 p21
C2ZT36155
WP_015340530
NP_353476

YP 009099644
WP_056329376
WP_010915672
WP_016556512
Phi3LM21 p21
YP_ 009146999

consensus (>70%)

WP_014526805
YP_007006552
AMO44073
YP_001327580
AII27779
WP_013844720
WP_014529271
NP_542323
ABF71344
AKF13105
AKF12745
AKF13475
WP_020949973
WP_020951613
WP_020952168
Phi2LM21 p21
CZT36155
WP_015340530
NP_353476
YP_009099644
WP_056329376
WP_010915672
WP_016556512
Phi3LM21 p21
YP_009146999

consensus (>70%)

294 300 310 320 340 350 360 370 380 410
(4) EASGKSDE[YH. PKY[I|FDALEC. .. ... EFDIDVA .. ... . .RWHVPARCWLTAQD.[.]. « v v v e e e e .].[.]. . .DGLKYAPFWHGV[VWMIAI|GGRNGLVPWI|N. . . .AFR
(8) .DLKENEL|V/ERY. EAW|[V/SHA[VF[RHI...PVAGLHVW GINHK|I|. . .ADEIC/RKF|GIGMVTTSDIAEYKRQHS. .. .. FVADFF[SI.GP...SVEPCDMIF TIIRAY|GAQNR. . .[TAA....KYA
(7) .ERVERDY|Y|/Q}Y. P IEATKPLL[PFL...PNGKFTFA GIDGR|LIVRHVRQLITNNRAQCLAATD|IEPDADWV. .. .. SEFDA|Ll. . .QVGEEYLRGVDMTI I TRhBJWDRRKSSGY|IL/H. ...RMI
(20) .DDFPTQP[iARY. RALICIFHV|[LA[GYR. .. .LRDKTCW NRGH[M. . .VDPLJAES|FIGQVWASDVHNYGRGAQ . . . . ... GD|F|L{IPGMIPWDDGRGVDWIVTIIBIFR . . . .. .. LAE....QF[T
(20) .DDFPTQP[WAR. RALICIDHV|LS|GCY. .. .LPGKTVW NRGH[M. . .SAP[IL/AEHF/GAVWASDIHDYGTPGS. . . . . FRHDF|L|. . .FPVMPLSESPDWTI T SIIBIFR . . . . . .. LAE....QF|T
(7) .PRRKADDI|Y|AMY. P LKIGVMP[VI|PHL . .RAEGIVTFV GAGN[L|. . .VAH|LICSF|GFLCAFARD|LRDG. « =« v v v . ... FDAILTC.DQ..NIFQGADA|TVTRIBLWTRA . . . .. VI/H....PMT
(7) .PRRKADDI|Y PLK|GVTP[VI/PHL. .RAEGIVTFV GAGN[L|. . .VAH|LICSF|GFLCAFARD|IRDG . « = « v v v o ... FDA[LITC .DP. .NIFQGADA[TVTRENJWTRA . . . . . VI/H....PMT
(7) .PRRKEDE[Y PYERALP[LKPYL....TGVRTFA AIDDGR|L|. . . IRWV|IESF|G[PLCIHSGD|IIQTG . + + v v v v v v .. TDAILT . .DPMLEQLI .VDAI I TREBIY|TWD . . . .. LI|S....AMT
(13) . .DREHDF|Y PPEA[VHS|LLAIEK.KWIPAGTIW GDGA|L|. . .AQV|LIASAIGRSVICTDIVDRGYIGT. .. .. TVMS|IFDA. . ... DRRYIFPATIITIOBIFK . . . .. .. LAR....QFV
(8) .ELSPNHY|Y EPWATKTALRFF..PITDRDRVW GINHH[V|. . .VKV|FREE|G[VPVYSSDIETYRYEHD. .. .. EILD|F|LIN. .KPDDYNPFNANV|IF TSI Y|GAGNR LAA....AFC
(8) .ELSPNHY|Y EPWATKTAL/RFF..PITDRDRVW GINHH[V|. . . VKV|F[REE|GIVPVYSSDI|E[TYRYEHD. .. .. EILD|F|L/N. .KPDDYNPFNANV|IF TSI Y|GAGNR LAA....AFC
(8) .ELSPNHY|Y EPWATKTAL/RFF..PITDRDRVW GINHH[V|. . .VKV|F[REE|G[VPVYSSDIETYRYEHD. .. .. EILDF|LN. .KPDDYNPFNANV|IF TRIBIV|GAGNR LAA....AFC
(7) .PRRERDW|Y|ARY. P SARAVAP|LI|PHL....TWGDSFV GIDMA[L|. . . VST|L[EAA|GIMSCQWAGD|IAPRHEDV. . . .. RCCDA[L|S. .DDLASWAEDVDY|T I TREDIWTRS . . . . . IL/H....PMT
(7) .PRRERDW[V|ARY. P SARVAP|LI|PHL. ... TWGDSFV GIDMA|L|. . . VNT|L[EAA|GIMSCQWAGD|IAPRHEDV. .. .. RCCDA[L|S. .DDLAIWAEDVDY|T I TREBJWTRS . . . . . ILH....PMT
(7) .PRRERDW|Y PSARAVAPILL/PHL....TWGDSFV GIDMA[L|. . .VST|LEAAIGMSCQWAGD|IAPRHEDV. .. .. RCCDIA[L|S. .DDLAIWAEDVDY|I I TREBIWTRS . . . . . ILH....PMI
(287)AEDKGD QLY PIEAMRT[LILJALE....SFSATVK GIKGA|I|. . .MRP|L[EDA|GlYEVMIADLVDRGVATRHGELQQVGD|F|LLSVAG....PSAGVD|IVTRIRIYAE. ... .. LAN....SFP
(238) KEERGDNL|Y PAEAVLT[LL/GLE. .. .QFAPVVW GIRGA|I|. . . SRV|L[EAR|GIFEVHISDL|IIDYGTVTGEGVCQDVGNF[LTS.. ... EASEGDIDIVTERAYIGD. ... .. VIIN....AY[V
(257)KAERGQNL|Y PPERAMHT/LLALE....EFSATVF GRGA|I|. . . SRI|LEAA|GYGVVLADLVDYGTADQHGELQTVQD|F|[LTS.QP...GDGGTCD|IVTRIRLYIGD. . .. .. VIN....AF[V
(173) KEERGANL|Y PPEAMFT/LI/ALE. .. .EFSACVL GIRGA|I|. . . SRMLIEAFHYGVVLADINDYGTADSNGELQAVQDF|LTS.QP..DEPGSYD .|[IVTRENIYIGD. . .. .. VIN....AFV
(205)KEDRGDNF|Y PIERTRT[LILJAYE....SFSGTIW GILGA|I|. . . SRV|LEAA|GYEVIISDLVDRGTVTQHGELQTNGD|F|LTS.KP..DEAGKVAD|IVTRIBLYIGE . . . . .. VIIN....DY[V
(155)KEERGNNL|Y PEEGITWT/ILALE....QFSAVVS GRGA|I|. . . VRV|L[EAV|GYEVVPSDL[VDYGTVTKDGECQGVAD|F|LETTEG. . ... . TGFDIVSREBAYIGE . . . . .. HMN....AAT
(166) AAERGNNL|Y PPERMRT[LI/SFM. .. .RFSAKVW GIKGA|T|. . . SRMLIEDA|G[YEVELSDLVDYGTVDRHGELQRAEN|F|MST . APRADNPDRPD .|[TVTRIRLVIGA. . .. .. DIN....AF[V
(172) QEERGVNA|Y HECAVAT|LIJALE....SFSADVL GIDGG|I|. . . SRPMQAA|GYTMELADI[VDRGLANQHGELQRVED|F|[L/QS.RP....TDLGRD|IVTRIBLYGKE . . . . . ILN....RFEV
(246)KEERGNNL|Y[ERY. AEEATSA|[ILALE. .. .QFSATVD GIRGA|I|. . . VRV|L[EAA|GlYDVVLGDLVDYGTTTKDGVVQDVGD|YRETEGP . . . .. .. SHD|I LsibddvicD. . . ... EMN....SclT
(71) RLREKDDF|Y|PRyTPPEP|LPA[LV/SREGDRLRDFPAIWEJJAAGDGA[l. . . VRQLICGW|GFDVVASDLVDRGCGAR. . . LASFYD[FDAAPAP . . . .. .... AT vTRERIFIQEC. . . .. NW/RDGRGRW|T
...... - e o5 00 0000080003008 000d0003 0618000800000 8 050080 0600000000000 00000808000600=5d06888606000800000%00eNnA3RR RIS a5 50380006000 08h0
420 430 440 450 460 470 480 490 500 510 520 530 510
NgTla...... LVPDRT[SAPWWQEMADC . ADRILFIGGKVRFIKPD|G.[.|.[T]TGDSPSVGT[TIILIGMGRRA .[.]. o v v v vt i e e i et n VIALEKAERNGLGRTETRSTIA . v v v vt v v v v v
1K[I|CSGW.VILVI|TAKFDSGSSRHD...LFRDNHR. . ... WHAK I|VL{Y|D[RII S[ii|. EDNGK|S|GTEDHAV[YV[IRPENZA « « ¢ v v v vt e e e e e e ee e PVEKPVLIYEGKR .« ¢ v v v v e o oe e ee e
SDKIRPTW. . .[LLFDSD[iVQTVQARP .. .YMDRL . .+« .« ... VATV S|I|GRIVK/WIEGS TMT|GKDNCQHLF[HKDARSTITPA « v v v v v v v e e ee e us PVMFGRNVPPYDGFVESYNAAAPEVRIAA
IDVATVG .VAMIVIRTS[FILEGVGRYEN. . LFSKNPPSIVAQFSERVPMVIK|.|. GRLTATGS|TATSYC .[WLV[ILNGVTTT . « v v v v v v v v v KLVWIPPCRKKLERADDYAAYREVTA. ... ....
RE[LATEG.VAMIVIRTS[FILEGVGRYEN. .LFSKNPPSIVAQFAERVPMV[K|..GRLTATGSITATSYC .[ALV/ALKGVTTT . « v v v v v v v v .. KLVWIPPCRKKLERPDDYSAYREEVAA.......
SD|I|LPTW. . .|LLFDAD[WAHTKQAAP . . . YLDYC . v v v v v o .. SlEHIIVANVIGRILKWIPATKHQAKD SCA[WHR/FIDRRHEHSGG « « v v v v e e e e e e e e e e PHFIGRPSNEIAKSYVEAAQ . « =« « . . ..
SD|TI/LPTW. . .[LLFDADWAHTKQAAP .. .YLDYC. . v v . ... S|HIIVANV|GRILKWIPGTKHQAKDSCA[WHR/FIDRRHSGG « « v v v v v e e e e e e ee e et PHFIGRPSNQIANSYVEARAQ. . v v v v ..
MR[I|]APTW.. . LLLEADFKYNLRTQG...FMRHC. .. ... ... SDV|VP|I|GRIVRWESETTDEISKVSYA[WYRFHIQHTRG « « v v v v v o e e e e e e e PIFHPLQQIDKRGIRKKLREGVALV....
LERAP. .YVAMLILRLA[F[LEGGARMP...WFVSTPLARVHVSSRRLPMMHRHG/. TGPKAGSAVCHAWFV[/DKRHEGR. .. .PQIQ..... WFDWRDHVPAGHPQAANDNQQAEVRACA. . ....
L|LITIKGVDKVAMLIL|ITPK[FDFGSTRTD.. . LFRDNPA. . ... FYGKLHL|LDRII S|W. AENGK|T/GTDDSA[YFMDERN « « v v v v v vt e e e e e e e e eenn TEENPIMEYGGKNR . + v v v vt v e v e ee
LT KGVDKVAMLL|ITPK[FDFGSTRTD . . . LFRDNPA. . ... FYGKLHL{LIDRII S||. AENGK|T|GTDDSA[WYFDKRN « = « v v e e e e e e e e e e e e e e TEENPIMEFYGGKNR . « v v v o e e ee e ee ..
|LTKGVDKVAMLIL|TPK[FDFGSTRTD. . .LFRDNPA. . ... FYGKLHL{LDRII S[|. AENGK|T/GTDDSA[YFIDERN « & « v v v e et e e e e e e e e e e TEENPIMFYGGKNR . « v v v o e e e ee e
AAMRPTW. . . LLFDSDW/AHTRQSAE .. .FTPLL . .+ . .. ... RKI|VS|T|GRVK[WIPDS TMT|GKDNCC|HY LIFIDDRPSNGM « « « v v v e v e ee e e e e TEFFGRABA « v o o oo e e e e e e e e e e e e
MRPTW. . .LLFDSDWAYTRQSAE...FKQLL . .. ... ... RKI|VS|I|GRVK[WIPDS TMT|[GKDNCS[HYLIFIDARPSNGA & « « v v v e e e e e e e e e TEFTIGRARDRA « v o o e e e et e e e e e e e e e
AAMRPTW. . . LLFDSDWAYTRQSAE...FKQLL. .. ...... RKIIVS|I|GRVKWIPDSKMI|GKDNCS|WYLIFDARPSNGA . + v v v v vt e e e e e e e e TEFIGRAARA . v v v vt e et e e e e et e ee e
LRE[HKPRKMA|LLLINWN[FAAGFDDPNRVFVMDENPPSRVYLFTR[RLIPMMHRDG|W. DGPEA[S|SQMNTA[WFV[WERNEDGTYGDGFPRI....IRVDWKAYENATPLAPGAGGNVAPMTFKPQPDEFA
LRVHKPRKLA[LLLNVN[F[YGGSESADRKFVLDGCPPARMYWF SRR /P MMH[RID G[ii|. DGPKA|S|SQMNTA[IFV[IIERQPDGSYGDQTVIR. . ... RVDW.KDYQPAAHEAADDAESEARA « + v v v v v v v
JR[V/FRPRKMA|LLIL/NLN[F[LCGFADDDRNFVMDDCPPARVYVFKR[R P MMH[RIDG[il|. NGEKA|S|SRMNTA[{FV[IELREDGTYGDCTVAR. . ... RVDW.KDFLPAGTATTAGSEAA . « v v v v v v e e u
LR|[T|YQPRKMA|LLIL/NLN[F[LCGFADDDRNFVMDDCPPARVYVFKR[R P MMH[RD G[ii|. EGNKA|S|SRMNTA[{FV[I[ERDESGNYGSATVVR. . ... RVDW.KDFQPQETAVTAESEAA . « v v v v v v v v v
/R[V/HRPRKMA|LLILNLN[F[LCGFDDEDRNFAMDEEPPARVYVFKR[R P MMHRIEG[i|. DGKKA|S|SRMNTA[{FV[IELQEDGTYGDTTIIK. . .. . RVDWKEFQDAAPLLPGEGGNAS. ...GVHFDEFK
LRVHKPRKMA[LLLINLNVILAGFEDADREFYMEECRPARIYVMKHRLPMMHRDG|W|. DGNKA|S|SQMNTM[WCLWELQDDGSYGDTTVVH. . ... RVDWESDEIARFRDAHEAAVAVEGEAT ... ....
LJRA[HRPRRIA[LLIINLN|F[LCGFEDENRNFAMDEHPPSDVFVFTR[RILPMMHRDG/W. TGDIA|S|SRMNTA[F I[WTLDEATNTYDADGKRGTQLVRVDWKTFENSILSGPLDAKNARKPKRRGKAVPA.
LRTHRPRKMA|[LLIL/NLN[FMCGCEDKDRIFAMEECPPSRIYVFTRRILPMMHIQEG[i|. TGPEA|S|SQMNTA[F V[IEQNEDGSYGOGFPQOL. . . . IRIDWRKFEE « « 4 4 4 v v et e e ettt e et et e e
LRVRKPRKMA[LLLINLNVLAGFEDPDRNYIMETCPPARIYVMKR[RV|PMMH[RID G[ii|. DGNKA|S|SQMNTM[W|CV|[I[ELQEDGTYGDTTIIK. . ... RVDWAYTWNPATVPESEEEDSQ. « v v v v v v v v v
IEVILGVEYMA[LLLJSWS[WPGAGGLAG...VWADCPPARVYLMRWKIDF[.|.[.|. .|.|. TGEGSP/PQLNA . [WFVADRAHRG « « « ¢ v ¢ ¢ s s s v v v v v ann DALLRMLDRGDGLQSNLLEVTP......
.......... N O R "

T EE o Er T m R R m T R R R < W00 W W W H T T
s PP PP PREAERE PR ERE DDA DA





media/file3.png
21

pET_Phi3LM21

21

pET_Phi2LM21

Cspé6l ND

Mbol

=
=
X

Csp6l

ND ——Hinfl ol

multimeric

|

forms

<«—linear form
<«—ccc form






media/file4.jpg





media/file8.png





media/file0.jpg
s LA ARG Ay

e e

T N AT TS
| Y oy

P e e A T,
22

38 AP NP Pt
T R e G

e L






media/file2.jpg
S
b
=
3
s
o
-
I
4

+—tinear form
pE A






