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A lytic Yersinia pestis phage vB_YpP-YepMm (also named YepMm for briefly) was first isolated from the bone marrow of a Marmota himalayana who died of natural causes on the Qinghai-Tibet plateau in China. Based on its morphologic (isometric hexagonal head and short non-contractile conical tail) and genomic features, we classified it as belonging to the Podoviridae family. At the MOI of 10, YepMm reached maximum titers; and the one-step growth curve showed that the incubation period of the phage was about 10 min, the rise phase was about 80 min, and the lysis amount of the phage during the lysis period of 80 min was about 187 PFU/cell. The genome of the bacteriophage YepMm had nucleotide-sequence similarity of 99.99% to that of the Y. pestis bacteriophage Yep-phi characterized previously. Analyses of the biological characters showed that YepMm has a short latent period, strong lysis, and a broader lysis spectrum. It could infect Y. pestis, highly pathogenic bioserotype 1B/O:8 Y. enterocolitica, as well as serotype O:1b Y. pseudotuberculosis—the ancestor of Y. pestis. It could be further developed as an important biocontrol agent in pathogenic Yersinia spp. infection.
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Introduction

Bacteriophages are the most abundant organisms on earth that can interactions with myriad bacterial hosts (Bergh et al., 1989). Lytic bacteriophages have been used as agents for identification and therapeutic of infections in animals and humans (Mukerjee et al., 1963; Gorski et al., 2009; Muniesa et al., 2012; Chhibber et al., 2013; Moojen, 2013; Doub, 2020). Integrity of the bacteriophage tail is essential for the viability of tailed phages, which belong to the Caudovirales (Hardy et al., 2020). The tail protein of Caudovirales has an important role in the interaction between bacteriophages and host bacteria, which can serve as an adsorption device, a host cell wall-perforating machine, and a genome delivery pathway (Flayhan et al., 2014; Zhang et al., 2018).

In the bacteria of the genus Yersinia, bacteriophages have also been used for typing and diagnostics. Bacteriophages ΦYeO3-12 and phiYe-F10 are specific for the Yersina enterocolitica serotype O:3 (Kiljunen et al., 2003; Liang et al., 2016); PhiA1122 and Yep-phi are used as a diagnostic agent to confirm the identification of Yersina pestis; YpsP-G and YpP-R have been reported to diagnose Yersina pseudotuberculosis infection. Many genomes of Y. pestis bacteriophages have been fully sequenced, including the Podoviridae bacteriophages phiA1122, Yep-phi, Berlin, Yepe2, YpP-R, YpP-G, YpsP-G, Yps-Y, and the Myoviridae bacteriophages L-413C, PY100, YpsP-PST, and phiD1 (Garcia et al., 2003; Kiljunen et al., 2011; Rashid et al., 2012; Zhao and Skurnik, 2016).

Qinghai-Tibet plateau is one of the most active natural plague focus in China with M. himalayana as the primary host in this area (Figure 1A) (Figure 1E shows a healthy Marmota himalayana in a plague-focus area of the Qinghai-Tibet plateau). The high altitude and harsh climate in the Qinghai-Tibet plateau show that there are few human inhabitants, and the local ecology is relatively stable. Local M. himalayana carries a significantly high seropositivity rate of Y. pestis F1 antibody, which can be witnessed by continuous outbreaks of plague in animals (M. himalayana) and occasionally spreading to humans (Wang et al., 2011; Ge et al., 2015; Wang et al., 2017). With one human case in 2004, two cases in 2007, one case in 2010, and three cases in 2014 (Ge et al., 2015) among the natural-focus area of Qilian Mountain (Figure 1B). There is no report about the Y. pestis bacteriophage that naturally existed in the host animals of natural plague foci. So we try to isolate Y. pestis bacteriophage from different sources in Qinghai-Tibet plateau and investigate the characterization and subsequent employment of the phages.




Figure 1 | Characteristics of the Y. pestis bacteriophage YepMm. (A) Marmota himalayana in a plague-area focus in Qinghai-Tibet plateau in China. (B) Marmota himalayana in a plague-area focus in Gansu Province, China. (C) The Marmota himalayana (who died of natural causes) from which we isolated a lytic Y. pestis bacteriophage: YepMm. (D) Electron microscopy of YepMm. (E) A healthy Marmota himalayana in a plague-focus area of the Qinghai-Tibet plateau. (F) Growth curves of Y. pestis EV76 at 25°C, with MCF = 3.3 in the initial culture. Approximately 3.0 ± 0.2 × 107 PFU of the bacteriophages YepMm and Yep-phi in 30 µl were mixed with 300 µl of the bacterial culture (MCF = 3.3), respectively, and allowed to incubate for 24 h at 25°C. Each group had three duplicates. The OD600 value of each group was measured every 30 min. The blue line shows the growth curve of strains without bacteriophage infection. The orange line shows the growth curve of strains infected with the bacteriophage Yep-phi. The gray line shows the growth curve of strains infected with the bacteriophage YepMm. (G) Growth curves of Y. pestis EV76 at 25°C, with MCF = 1.0 in the initial culture. Approximately 3.0 ± 0.2 × 107 PFU of the bacteriophages YepMm and Yep-phi in 30 µl were mixed with 300 µl of the bacterial culture (MCF = 1.0), and incubated for 24 h at 25°C. Each group had three duplicates. The OD600 of each group was measured every 30 min. The blue line shows the growth curve of strains without bacteriophage infection. The orange line shows the growth curve of strains infected with the bacteriophage Yep-phi. The gray line show the growths curve of strains infected with the bacteriophage YepMm.



In the present study, the bacteriophage vB_YpP-YepMm obtained from the bone marrow of self-died Marmota himalayana. The bacteriophage YepMm could lyse three human pathogenic Yersinia species and can be used as a biocontrol agent.



Materials and Methods


Bacteriophage Isolation

In the routine prevalence surveillance for Y. pestis in China, a Marmota himalayana that had died of natural causes (Figure 1C) was collected from a plague-focus area in the Qinghai-Tibet plateau in China at an altitude of 3076.85 m (39°52′ N, 95°03′ E). Yersinia species-selective Cefsulodin–Irgasan–Novobiocin (CIN) agar (Oxoid, Basingstoke, UK) was used to detect the host strain Y. pestis. The Y. pestis–specific phage can lyse the host strains to form transparent plaques on it. The phage YepMm and its original host strain (Y. pestis dcw-bs-007) were isolated together from the same bone-marrow samples of M. himalayana. The lytic bacteriophage (vB_YpP-YepMm) was propagated and spotted on CIN agar plates after incubating for 24 h at 25°C. Subsequently, a single-lysis zone of bacteriophage was picked with a sterile truncated tip and amplified in the presence of Y. pestis EV76 in Brucella medium for 24 h at 37°C. The solution was filtered through a sterile 0.22-μm syringe filter. Afterward, the filtered fluid and EV76 were poured on top of the agar plate to obtain purified bacteriophage.



Electron Microscopy

Crude bacteriophage lysates (~5×1010 PFU/mL) were filter-sterilized using a 0.22-µm membrane (Millipore, Waltham, MA, USA) and then pelleted at 25,000g for 1 h at 4°C using a high-speed centrifuge (Beckman Coulter, Palo Alto, CA, USA). The bacteriophage pellet was resuspended in 150 μl of SM-buffer supplemented with CaCl2 (5 mM) after washing twice in a neutral solution of ammonium acetate (0.1 M). Bacteriophage particles were deposited onto a carbon-coated Formvar film on copper grids and stained with 20 μl of 2% potassium phosphotungstate (pH 7.2). After dye removal with filter paper, bacteriophage particles were examined under a transmission electron microscope (TECNAI 12; FEI, Hillsboro, OR, USA) at 120 kEv. Images were collected and analyzed using Digital Micrograph™ (Gatan, Pleasanton, CA, USA). Taxonomic assignments were made according to the classification scheme for bacteriophages developed by Ackermann and Berthiaume (Berthiaume and Ackermann, 1977) and the International Committee on the Taxonomy of Viruses.



Genome Sequencing of Bacteriophage DNA, Assembly, and Bioinformatics Analysis

Bacteriophage DNA was obtained from purified 2.4 × 109 PFU/ml bacteriophage particles as described previously (Shubeita et al., 1987). We tested the quality of the whole genome of bacteriophages with Qubit3.0 (Life Technologies, Carlsbad, CA, USA). A random “shotgun” library was constructed using the NEBNext DNA ultra II protocol. Whole-genome sequencing was carried out using the HiSeq2500 Genome Analyzer (Illumina, San Diego, CA, USA). Generated reads were assembled using the SPAdes algorithm. The average nucleotide identity (ANI) was determined among all pairwise combinations of phage genomes. The assembly sequence was evaluated and corrected with PhageTerm (Hu et al., 2020), putative open reading frame (ORF) was predicted by Prokka 1.1.3. The annotated genome sequence of the bacteriophage YepMm has been deposited into the National Center for Biotechnology Information GenBank database under the accession numbers MW767996 and BankIt 2439990.



Determination of Host Ranges

The host range of the bacteriophage YepMm was estimated using the classical plaque assay. The infectivity of the membrane-filtered phage lysate (2.4×109 PFU/ml) was tested on the bacterial strains listed in Table 1. All experiments with viable Y. pestis except EV76 were undertaken in a Biosafety Level-3 laboratory. The formation of lysis zone was determined using a double-layer plaque at 25°C or 37°C after 24 h of incubation.


Table 1 | Lytic activity of the bacteriophages Yep-phi and YepMm at 37°C and 25°C.





Optimal Multiplicity of Infection Determination and One-Step Growth Assays

To estimate MOI, different amounts of phages were serially diluted and incubated with host bacteria EV76 (2 × 108 CFU/ml) (at different MOI of 100, 10, 1, 0.1, 0.01, 0.001) at 37°C for 3 h. After incubation, the phage titer of each MOI phage-host assay group was examined. The highest phage titer group was the optimal MOI. Three parallel experiments were performed for this MOI assay.

The one-step growth assay was carried out as follows: equivalent ratios of overnight cultures of EV76 were mixed with YepMm suspension at an MOI=10. After incubation at 37°C for 15 min, the mixture was centrifuged at 11,000g for 30 s. The pellet was then resuspended in 10-ml fresh media. The phage titer was tested with 5-min intervals at the first 30 min and 10-min intervals at the last 90 min by a double-layer agar method.



Comparison of the Lytic Ability of the Bacteriophages YepMm and Yep-phi

The growth conditions and lytic ability of the bacteriophages YepMm and Yep-phi were tested on host strain Y. pestis EV76. EV76 was grown in Brucella medium at 27°C to reach McFarland turbidity (MCF) of 3.3 and 1.0, respectively. Each MCF culture solution was divided into three groups (with 300 µl of bacterial culture in each group). Group A was mixed with 30 µl of the bacteriophage YepMm (~3.0 × 107 PFU), group B was mixed with 30 µl of the bacteriophage Yep-phi (~3.2×107 PFU), group C was mixed with 30 µl of phosphate-buffered saline in EV76 culture solution. Each group with three duplicates was allowed to incubate for 48 h, and OD600 for each group was measured every 30 min. Experiments were carried out at 25°C and 37°C, respectively. Data are the mean ± SD of three independent experiments.




Results


Electron Microscopy and Biological Characteristic

Purified phages YepMm was examined using transmission electron microscopy after negative staining (Figure 1D). The virions showed hexagonal outlines with isometric, hexagonal heads and short, noncontractile, conical tails and were classified as members of the Podoviridae family.

The optimal multiplicity of infection for phage vB_YpP-YepMm was 10 (Table S1), and the one-step growth curve showed that the incubation period of the phage was about 10 min, the rise phase was about 80 min, and the lysis amount of the phage during the lysis period of 80 min was about 187 PFU/Cell (Figure S1).



Sensitivity Test

Three Y. pseudotuberculosis strains were sensitive to the bacteriophage YepMm: O:1b and O:14 were sensitive at 25°C and 37°C; O:1a was sensitive at 37°C but not at 25°C. The bacteriophage YepMm could lyse Y. pestis and strains of the highly pathogenic Y. enterocolitica bioserotype 1B/O:8 at both temperatures (Table 1). However, the bacteriophage Yep-phi can only lyse Y. pestis and O:14 Y. pseudotuberculosis. YepMm can form larger plaques at 25°C than at 37°C (data not shown), indicating (as expected) a temperature-dependent response.



Genome Sequencing and Bioinformatics Analyses

The complete nucleotide sequence of YepMm is 38,512 bp, with G+C content of 47.1 mol%. It was assembled as a circular molecule and contains no RNA genes. The lysis genes encoding the holin (33,704 to 33,910 bp), endolysin (9,108 to 9,563 bp), and so on existed; no genes associated with lysogenic cycle were founded, such as integrase, lysis repressor. In total, 43 gene products were predicted in the YepMm genome; functions were assigned to 42 of them based on the similarities of the predicted products to known proteins. Genomic comparisons indicated that the genome of some lytic Y. pestis phages was highly similar. Bacteriophage YepMm shares 99.99% nucleotide sequence identity with Yep-phi, 97.91% with Berlin, 96.46% with Yepe2, 96.35% with YpP-G, but only 67.48% nucleotide sequence identity with phiA1122 (Figure 2). The genome sequences of YepMm and Yep-phi had exactly similar genetic organization, which all contain 222-bp direct repeats at the termini of the mature DNAs and both had head and tail genes in the same relative positions. There are 43 new open reading frame (ORFs) in genome sequence of YepMm and 41 ORFs are 100% identical to Yep- phi, except for the new ORF -29 (phage capsid and scaffold, 21,255 to 21,419 bp) and ORF-43 (Figure 3A and Table S2). All together, the mutations were primarily for 104 bp deletions in the intergenic and six short nucleotide polymorphisms (SNPs) in the coding regions. Among the six SNPs of YepMm, one at 21,330 bp located in the new ORF-29, which encoded phage capsid and scaffold; one at 37,921 bp of ORF-43 encoded hypothetical protein; and the rest four SNPs located at the direct repeats (DR) terminal regions (216, 217, 38,610, and 38,611 bp). The SNP at 21,330 bp located in the upstream activating sequence of tail tubular protein A (TTPA) in genome of phage Yep-phi; however, a new ORF-encoded phage capsid and scaffold generated by this SNP in the genome of YepMm (Figure 3B). The missense mutation of 21,330 bp caused the termination codon to change to Glu amino acid; 37,921 bp caused the Ile to change to Leu amino acid (Figure 3C).




Figure 2 | Average nucleotide identity (ANI) matrix of phages. ∗Indicates the lytic bacteriophage of Yersinia pestis in this study.






Figure 3 | The biological sequence analysis of the bacteriophages YepMm, Yep-phi, and phiA1122. (A) Pairwise comparison of the nucleotide sequences of bacteriophages YepMm, Yep-phi, and phiA1122 (the two different ORFs were indicated in asterisks). (B) The main difference between the two Y. pestis phages of YepMm, Yep-phi. The intergenic region and new ORFs with SNP mutation of YepMm was indicated in yellow rectangle. (C) The amino acid similarity alignment of the new ORF-29 of bacteriophages YepMm and Yep-phi.



Compared with the lytic phages for Y. pestis characterized previously, the nine available genome sequences could be divided into two subgroups (Figure 2). The genome of YepMm clustered with the bacteriophages Yep-phi, Berlin (GenBank accession number, AM183667.1), YpP-G (JQ965702.1), and Yepe2 (EU734170.1), and these bacteriophages comprised subgroup A. The other subgroup comprised Yersinia phage YpP-R (GenBank accession number, JQ965701.1), Yersinia phage_Y (JQ957925.1), Yersinia phage phiA1122 (AY247822.1), Yersinia phage_R (JX000007.1), Yersinia phage YpP-Y (Q965700.1), and Yersinia phage YpsP-G (JQ965703.1).



Lytic Abilities and Efficiency of the Bacteriophages YepMm and Yep-phi on the Host Strain EV76

Every half hour, the optical density at 600 nm (OD600) value was plotted to generate a growth curve for each group. The OD600 of EV76 increased initially and then decreased rapidly upon bacteriophage addition. The growth curve decreased more rapidly after infection with the bacteriophage YepMm compared with that in infection with the bacteriophage Yep-phi. With the initial concentration of MCF = 3.3, the OD600 of culture solution infected with bacteriophage YepMm began to descend at 2 h later compared with 4.3 h after being infected with bacteriophage Yep-phi. When with the initial concentration of MCF=1.0, the OD600 of culture solution infected with bacteriophage YepMm began to descend at 1.3 h later compared with 2.3 h after being infected with bacteriophage Yep-phi. Hence, the lytic ability of the bacteriophage YepMm was more efficient than that of the bacteriophage Yep-phi. Statistical analysis showed the difference is significant at the 0.05 level (Table S3 and Figures 1F, G). The culture solution infected with bacteriophage YepMm lyse absolutely within three and half hours with the initial concentration of MCF=1.0, shorter than initial concentration of MCF=3.3 (almost within 10 h) (Figures 1F, G).




Discussion

Y. pestis is the causative agent of plague. It emerged from the enteropathogen O:1b Y. pseudotuberculosis 3,000 years ago by losing many genes and the horizontal acquisition of several genetic elements (Wren, 2003). Lytic bacteriophages have been used as therapeutic and prophylactic agents for controlling bacterial infections. Over the past 100 years, lytic bacteriophages have been used for the diagnosis of Y. pestis infections and to identify plagues caused by Y. pestis (D’Herelle and Malone, 1927; Duckworth, 1976).

We isolated, for the first time, the lytic bacteriophages of Y. pestis from an epidemic-focus area of Y. pestis in China. Our study on the bacteriophage YepMm showed a very broad range of hosts for bacteria of the genus Yersinia. This range included all of the three human pathogenic Yersinia species: Y. pestis, Y. pseudotuberculosis (O:1a, O:1b, and O:14), and the highly pathogenic Y. enterocolitica bioserotype 1B/O:8. Even though the genomes of YepMm and Yep-phi are almost identical, they varied in their ability to lyse bacteria of the genus Yersinia. Analyses of the host range showed that YepMm could infect not only Y. pestis strains but also the strains of the highly pathogenic Y. enterocolitica bioserotype 1B/O:8 and several strains of Y. pseudotuberculosis. However, Yep-phi is a Y. pestis-specific lytic bacteriophage (Zhao et al., 2011). The different phage receptors for adsorption are one of the important reasons to different bacteriolytic efficacy (Liang et al., 2016; Zhao and Skurnik, 2016). Our findings suggest that a sense mutation of an upstream activating sequence of TTPA generate a new ORF, which may modify phage tail protein and cause differences in host sensitivity. TTPA has been described as a structural protein of a bacteriophage tail. It forms an attachment for tail spikes to mediate infection through sensing the deflection of side fibers upon cell-wall binding. During infection by bacteria, TPPA can bind with bacterial receptors to mediate bacteriophage adsorption and subsequent bacterial lysis (Hu et al., 2020; Pyra et al., 2020a; Pyra et al., 2020b). If differences occur specifically in the genes encoding the tail fibers, then recognition of the cell target will change (Vacheron et al., 2021). How a mutation in the upstream activating sequence of TTPA modifies its expression merits investigation.

We discovered that YepMm could form plaques on two more strains (Y. enterocolitica YE92010 and Y. pseudotuberculosis 53512) at 37°C than at 25°C (Table 1). This finding was likely because of the receptors being recognized specifically at a higher temperature, with a reduced ability of the bacteriophage (and parental bacteriophage) to infect and grow on host strains at a lower temperature. Despite the almost identical genome sequences of the bacteriophages YepMm and Yep-phi, they varied in their ability to lyse host bacteria among Yersinia species, which suggests that they might use different receptors for adsorption. The bacteriophages Yep-phi and ϕA1122 have been used as a diagnostic agent Y. pestis infection (Hu et al., 2020). Unlike the bacteriophage YepMm, the bacteriophage Yep-phi infects Y. pestis exclusively and is inactive toward other Yersinia species, irrespective of the growth temperature (Zhao et al., 2011; Zhao and Skurnik, 2016); the phage A1122 only grows on Y. pseudotuberculosis at 37°C and not at 25°C. Obviously, the phage YepMm has the broadest host range. Interestingly, strains of the highly pathogenic Y. enterocolitica bioserotype 1B/O:8 differed markedly in their susceptibility to the bacteriophage YepMm and had a temperature-dependent response.

Bacteriophage control is the most environmentally friendly method used to eradicate pathogens from food products. The lytic properties and activity of the bacteriophage YepMm in controlling infection from Yersinia species will be studied in the future.
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