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Ochrobactrum and Brucella are closely related bacteria that populate different habitats and differ in their pathogenic properties. Only little is known about mobile genetic elements in these genera which might be important for survival and virulence. Previous studies on Brucella lysogeny indicated that active phages are rare in this genus. To gain insight into the presence and nature of prophages in Ochrobactrum, temperate phages were isolated from various species and characterized in detail. In silico analyses disclosed numerous prophages in published Ochrobactrum genomes. Induction experiments showed that Ochrobactrum prophages can be induced by various stress factors and that some strains released phage particles even under non-induced conditions. Sixty percent of lysates prepared from 125 strains revealed lytic activity. The host range and DNA similarities of 19 phages belonging to the families Myoviridae, Siphoviridae, or Podoviridae were determined suggesting that they are highly diverse. Some phages showed relationship to the temperate Brucella inopinata phage BiPB01. The genomic sequences of the myovirus POA1180 (41,655 bp) and podovirus POI1126 (60,065 bp) were analyzed. Phage POA1180 is very similar to a prophage recently identified in a Brucella strain isolated from an exotic frog. The POA1180 genome contains genes which may confer resistance to chromate and the ability to take up sulfate. Phage POI1126 is related to podoviruses of Sinorhizobium meliloti (PCB5), Erwinia pyrifoliae (Pep14), and Burkholderia cenocepacia (BcepIL02) and almost identical to an unnamed plasmid of the Ochrobactrum intermedium strain LMG 3301. Further experiments revealed that the POI1126 prophage indeed replicates as an extrachromosomal element. The data demonstrate for the first time that active prophages are common in Ochrobactrum and suggest that atypical brucellae also may be a reservoir for temperate phages.
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INTRODUCTION

Ochrobactrum species are non-fermenting, aerobic, gram-negative bacilli that are widespread in the environment and have been isolated from various ecological niches, such as water, soil, plants, and animals (Jelveh and Cunha, 1999; Möller et al., 1999; Lebuhn et al., 2000; Goris et al., 2003; Kämpfer et al., 2003; Bathe et al., 2006). Some Ochrobactrum strains belonging to different species were studied for their potential to degrade chemical pollutants and for heavy metal detoxification under a wide range of environmental conditions (El-Sayed et al., 2003; Zhang et al., 2006; Sultan and Hasnain, 2007). The α-proteobacterial genus Ochrobactrum belongs to the family Brucellaceae and contains to date 16 species, the type species of which is Ochrobactrum anthropi (Kämpfer et al., 2011). The closest relatives of Ochrobactrum spp. are brucellae (Scholz et al., 2008). Ochrobactrum intermedium e.g., shares 98.8% 16S rRNA gene similarity with Brucella spp. and is more closely related to this genus than to other Ochrobactrum species (Velasco et al., 1998; Lebuhn et al., 2000, 2006). However, while brucellae are well-recognized as important pathogens that cause brucellosis in man and many animal species, Ochrobactrum strains, particularly those belonging to the species O. anthropi and O. intermedium, have for a long time been regarded as opportunistic human pathogens of low virulence, infecting only immunocompromised patients with underlying diseases (Scholz et al., 2008). Nevertheless, the number of publications on opportunistic/nosocomial infections caused by O. anthropi has increased over the last decade (Shrishrimal, 2012; Mudshingkar et al., 2013; Siti Rohani and Tzar, 2013). Moreover, a rising number of reported cases included some potentially life-threatening infections, such as endocarditis (Mahmood et al., 2000; Daxboeck et al., 2002; Romero Gomez et al., 2004). The ability of O. anthropi to adhere to silicone may play a role in catheter-associated infections (Wi and Peck, 2010; Qasimyar et al., 2014). Some reports describe severe O. anthropi infections even in immunocompetent hosts with a clinical presentation similar to brucellosis (Kettaneh et al., 2003; Romero Gomez et al., 2004; Perez-Blanco et al., 2005; Ozdemir et al., 2006). O. anthropi often exhibits an intrinsic multi-resistance to antibiotics (Thoma et al., 2009; Johnning et al., 2013). While the location and transmission of virulence and antibiotic resistance genes is commonly associated with mobile genetic elements (MGE) like plasmids and phages, only little is known about MGE of Ochrobactrum and the related genus Brucella.

In O. anthropi ATCC 49188, four plasmids encoding several transporters have been identified which may contribute to the fitness of the strain (Chain et al., 2011). Ochrobactrum strain TD contained three linear plasmids, that allowed the strain to use vinyl chloride and ethene as growth substrates (Danko et al., 2004). By contrast, there are yet no reports on phages of Ochrobactrum. In Brucella the first temperate phage (BiPB01) has recently been described (Hammerl et al., 2016). BiPB01 revealed a broad host range within the genus Brucella. Its attachment site within the bacterial chromosome also exists in Ochrobactrum. Even though Ochrobactrum strains were not lysed by the phage, it showed significant DNA homologies to prophages of Ochrobactrum, particularly to a prophage residing in chromosome 1 of the O. anthropi strain ATCC 49188 indicating that temperate phages might occur in Ochrobactrum spp. as well.

In this study the presence of prophages in Ochrobactrum was determined followed by induction experiments to isolate and characterize temperate phages. In silico analyses revealed numerous prophages in the published sequences of 19 Ochrobactrum strains. Prophages could be induced by various stress factors. Phage particles were isolated from 19 lysates and characterized in terms of their morphology, host range and genetic relationship. The genomic sequences of two phages (POI1126 and POA1180) were determined and analyzed in detail.

MATERIALS AND METHODS

Bacterial Strains, Media, and Growth Conditions

All strains used in this study were obtained from the strain collections of the Bundeswehr Institute of Microbiology (Munich) and Federal Institute for Risk Assessment (Berlin). Information on the relevant strains is summarized in Table 1. If not otherwise indicated bacteria were cultivated aerobically in lysogeny broth (LB) (Carl Roth, Karlsruhe, Germany) at 28°C for 24 h under shaking conditions (180–200 rpm). Solid and overlay agar contained 1.8% (w/v) and 0.6% (w/v) bacto-agar No. 1 (Oxoid, Wesel, Germany), respectively.


Table 1. Bacterial strains used in this study.
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Prophage Induction

To optimize the induction of Ochrobactrum prophages, various stress factors (mitomycin C, heat, UV) were investigated. At an adsorption (A588nm) of 0.2–0.3, 10 ml bacterial cultures were treated with different mitomycin C concentrations (0.5–10 μg/ml), heat (50, 60, or 70°C for 30 and 60 s) or UV (for 30 and 60 s). Thereafter, cultures were incubated under standard conditions for 16–18 h. UV treatment was performed by applying aliquots of the culture into petri dishes (d = 90 mm), which were placed in a distance of 10 cm to an UV lamp (corresponding 45 J m−2). UV radiation treatment was performed for 30 or 60 s. To obtain cell-free lysates, samples were centrifuged for 15 min at 6,000 × g and filtrated through 0.22 μm sterile filters (GE Healthcare, Munich, Germany). Lytic activity was quantified by spotting 10 μl aliquots of a 1:10 dilution series onto lawns of susceptible Ochrobactrum strains. All strains were investigated in triplicate under the respective induction conditions. For further characterization, plaques of POA1180 and POI1126 were purified by a three-fold single plaque purification procedure.

Isolation, Propagation, and Purification of POA1180 and POI1126

Phages POA1180 and POI1126 were recovered by mitomycin C (0.5 μg/ml) treatment of strains O. anthropi O1180 and O. intermedium O1126, respectively. High titer lysates were prepared from 200 ml cultures. Cell-free lysates were obtained by centrifugation at 6,000 × g for 30 min and filtration of the supernatants through 0.22 μm sterile pore-size filters (GE Healthcare, Munich, Germany). To remove bacterial DNA and RNA, phage lysates were supplemented with 10 mM MgCl2, 10 μg ml−1 DNaseI and RNase A (Roche, Mannheim, Germany) followed by an incubation at 37°C for 2 h. Phage particles were concentrated by ultracentrifugation (Beckman) for 4 h at 200,000 × g. Concentrated phages were resuspended in SM-buffer and purified by discontinuous gradient (CsCl, 1.35–1.65 g ml−1) centrifugation at 141,000 × g for 18 h (Sambrook and Russell, 2001). After centrifugation phage bands were removed and desalted by 100K Amicon Ultra centrifugal filter columns (Merck Millipore, Schwalbach, Germany).

Host Range Determination of the Phages

The host range of the phages (e.g., POA1180, POI1126) was determined by spot assays. This was performed by applying 100–200 μl of each Ochrobactrum spp. strain to 6 ml LB soft agar (0.6%) and pouring of the overlay agar onto a LB agar plate. Aliquots of 1:10 serial dilutions of phage lysates were dropped onto the lawn of the solidified overlay agar. After 24 h spotting areas were visually inspected for plaque formation. Lytic activity was examined on strains of Ochrobactrum spp. (n = 119), Brucella spp. (26 reference and type strains), Mesorhizobium (n = 6), Sinorhizobium (n = 5), Pseudomonas (n = 5) and Yersinia enterocolitica O:9 (n = 4).

Transmission Electron Microscopy

CsCl-purified phages were applied to pioloform-carbon-coated, 400-mesh copper grids (Plano GmbH, Germany), for 10 min, fixed with 2.5% aqueous glutaraldehyde solution for 1 min, stained with 2% aqueous uranyl acetate solution for 1 min and examined using a JEM-1010 (JOEL, Tokyo, Japan) transmission electron microscope at 80 kV accelerated voltage.

Extraction of Phage DNA and Sequencing

Phage DNA was extracted from CsCl-purified particles by proteinase K/SDS treatment and ethanol precipitation (Sambrook and Russell, 2001). Thereafter, the phage DNA was resuspended in 0.5 × TE-buffer (pH 8.0) for further analyses. Sequencing libraries were prepared using the Nextera XT DNA Sample Preparation Kit according to the recommendations of the manufacturer. Paired-end sequencing was performed on the Illumina MiSeq benchtop using the MiSeq Reagent v3 600-cycle Kit (2 × 300 cycles) (Illumina, CA, USA). Raw reads were assembled de novo using tools of the Pathosystems Resource Integration Center resulting in a single contig with an average sequence coverage of more than 120 and 100 per consensus base for POA1180 and POI1126, respectively. DNA hybridization was conducted using the Roche digoxygenin hybridization system on positively charged nylon membranes according to the manufacture's procedure (Roche, Heidelberg, Germany).

Bioinformatic Analysis

To identify putative prophage sequences in the available Ochrobactrum spp. genomes of GenBank (NCBI), the Phage Search Tool-PHAST was used (Zhou et al., 2011). Sequence analysis and alignments were carried out using Accelrys Gene v2.5 (Accelrys Inc., San Diego, CA, USA). Identification of genetic elements like ORFS, transcription terminators, and tRNAs on the phage genome was conducted as previously described (Hammerl et al., 2011, 2016). Similarity and identity values were determined at the NCBI homepage using different BLAST algorithms (Johnson et al., 2008). Annotation of the phage genomes was performed by using Sequin (https://www.ncbi.nlm.nih.gov/Sequin/).

Nucleotide Sequence Accession Numbers

The complete nucleotide sequences of the O. anthropi POA1180 and O. intermedium POI1126 phage genomes were submitted to GenBank under the accession numbers KX669658 and KY417925, respectively.

RESULTS

Prophage Sequences Are Widely Distributed in Ochrobactrum

To get a first overview on the presence of prophage DNA in Ochrobactrum spp., 19 strains representing several species whose genome sequences have been published, were analyzed by automated in silico analyses using the PHAge Search Tool (PHAST) (Zhou et al., 2011). We identified prophage sequences (6.9–91.8 kb in size) in all analyzed Ochrobactrum species. Between two and ten putative phage genomes were detected in each strain (Table 2). Highly prevalent was a 17.3–91.8 kb DNA region that showed significant similarity to the Sinorhizobium meliloti phage 16-3, which possesses a genome of 60 kb (Deak et al., 2010). The second most frequent prophage was represented by a DNA region of 25.3–56.8 kb revealing close relationship to phage AmM-1 isolated from the Rhizobiales deep-sea bacterium Aurantimonas sp. whose genome has a size of 47.8 kb (Yoshida et al., 2015). Most of the remaining prophages in Ochrobactrum spp. are similar to other Rhizobium phages but homologies to phages of Rhodobacter, Pseudomonas, various Enterobacteriaceae and even Bacillus were also detected (Table 2). According to the results obtained by in silico analyses, some of the prophages may be complete and intact. The GC content of the prophages ranges between 49.7 and 65% whereas the average GC content of O. anthropi is 56%, suggesting that some Ochrobactrum strains may have acquired temperate phages from different hosts through horizontal gene transfer (Table S2).


Table 2. Prophage content of published Ochrobactrum sp. genomes.
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Ochrobactrum Prophages Can Be Easily Induced by Stress Factors

In this study, 125 Ochrobactrum strains of various species deposited in the strain collection of the BfR were analyzed in terms of inducible prophages. We first compared the efficacy of various stress factors (mitomycin C, UV, high temperature) on the release of phage particles. For this purpose, the strains O. anthropi O1180 (Figure 1A) and O. intermedium O1126 (data not shown) were treated with different concentrations (0.5, 2.5, and 10.0 μg/ml) of mitomycin C, heat (50, 60, 70°C for 30 and 60 s) and UV (45 J m−2 for 30 and 60 s). Thereafter, the strains were further incubated at 28 and 37°C. At both temperatures bacterial growth was inhibited in response to the tested stress factors, particularly mitomycin C, even though prophage induction at 37°C occurred earlier in most preparations. As shown in Figure 1B even the untreated control of both strains released 104 to 105 phages per milliliter (Table 3). Under stress conditions titers up to 2 × 108 pfu/ml were determined. In general, all tested stress factors were suitable to induce prophages, albeit phage titers achieved in the individual approaches differed significantly from each other. O. anthropi strain O1180 revealed much stronger temperature dependence than O. intermedium O1126. Some phage titers obtained at 28°C were two to three orders of magnitude higher than those of the corresponding lysates at 37°C. Moreover, whereas UV treatment was the most efficient method to induce prophages in O. anthropi, the highest phage titers in O. intermedium were achieved with a mitomycin C concentration of 0.5 μg/ml. Thus, Ochrobactrum strains diverge significantly regarding their sensitivity to prophage inductors. Based on the results of this study, subsequent induction experiments with a broad range (n = 125) of Ochrobactrum spp. strains were performed with 0.5 μg/ml mitomycin C at 28°C.
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FIGURE 1. Efficacy of phage release during mitomycin C, temperature, and UV treatment. (A) In the diagrams the bacterial growth of O. anthropi strain O1180 during stress treatment at 28 and 37°C is shown. Given are mean values of three independent experiments. Error bars indicate the standard deviation from the mean value. The point of induction (OD588nm) is indicated. (B) The table summarizes the results of the phage induction by different stress factors. The phage titer is given in pfu/ml. (1) Plaque formation was investigated on O. anthropi strain O1129.




Table 3. Spontaneous lysis of Ochrobactrum spp. strains.
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The 125 prepared lysates were tested for their lytic activity by spotting aliquots on all 125 Ochrobactrum spp. strains. As an additional indicator for released particles, DNA was isolated from the lysates. Plaques were observed with ~60% of the lysates. Up to 20 strains were susceptible to each lysate. In most cases several Ochrobactrum species were lysed. To get a deeper insight into the released phages, 19 lysates originating from O. anthropi, O. intermedium, Ochrobactrum tritici, O. dulfi, and Ochrobactrum sp., from which significant amounts of encapsidated phage DNA could be isolated (data not shown) were selected for further analyses. Electron microscopic examination revealed phage particles in all lysates, even though four of them did not show lytic activity. According to their morphology, the identified phages belong to different families (Table 4). Most prominent was the family Myoviridae represented by phages with an isodiametric or elongated head and a contractile tail. Some lysates contained particles with a long, non-contractile and very short tail, which are members of the Siphoviridae and Podoviridae, respectively. However, it is important to mention that a number of lysates exhibited various morphotypes indicating that the respective strains released several phages simultaneously.


Table 4. Morphology of Ochrobactrum spp. phages.
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Host Range and Genetic Relationships of the Isolated Ochrobactrum Phages

Previous experiments demonstrated that most of the investigated Ochrobactrum strains harbored one or more prophages inducible by mitomycin C, heat and UV. To obtain data on individual phages present in the 19 selected lysates, high titer lysates were prepared by mitomycin C treatment of large culture volumes of the respective Ochrobactrum strains (see Section Materials and Methods). Upon purification by CsCl density-gradient centrifugation, 19 phages were isolated and characterized in terms of their host range and genetic relationship. Similar to the data obtained with non-purified lysates, the majority of phages infected several Ochrobactrum species, particularly O. anthropi and O. intermedium, but also strains of O. tritici, O. oryzae, and O. pseudintermedium (Table 5). By contrast, classical and atypical Brucella strains were not lysed. Plaques were even and mostly small and rather turbid, as shown for the myovirus POA1180 and the podovirus POI1126 (Figure 2). On the other hand, phage P1218 isolated from O. intermedium revealed a very narrow host range and exclusively lysed three strains belonging to this species. Finally, four phages (P1142, P1166, P1184 and P1196) did not infect any Ochrobactrum spp. strain. In some cases growth inhibition of indicator strains was observed indicating that phage replication did not occur in those strains.


Table 5. Lytic activity of the purified phages.
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FIGURE 2. Morphology and lytic activity of POA1180 and POI1126. In the upper part, transmission electron micrographs (TEM) of POA1180 (A) and POI1126 (B) phage particles isolated from Ochrobactrum strains O1180 and O1126, respectively, by mitomycin C induction are shown. The black bar represents a size standard of 100 nm. The lower part demonstrates the lytic activity of the phages POA1180 (A) and POI1126 (B). The left panels show the lytic activity of the indicated phages during spot testing. On the bacterial lawn of O. anthropi strain O1129, 10 μl of a 1:10 dilution series (spot 1–6) of the P1180 and P1126 phage lysates was applied. The right panels show a six-fold magnification of a representative spotting zone comprising single plaques.



To determine the genetic relationships of the Ochrobactrum phages amongst themselves and to the temperate Brucella inopinata phage BiPBO1, restriction patterns of the phage genomes were compared, followed by Southern hybridization (Figure 3). EcoRV restriction analyses revealed numerous fragments and demonstrated that the phages possess double-stranded DNA. Most restriction patterns were unique but the O. dulfi phages P1205 and P1206 exhibited identical profiles. In addition, two O. intermedium phages (P1132 and P1135) and the phages P1126 and P1187, isolated from O. intermedium and O. tritici, respectively, showed very similar patterns. However, the latter two phages differ in their host specificity indicating at least some minor genetic variations. According to the obtained restriction fragments (Figure 3A), genome sizes between 32 and 63 kb were calculated (data not shown). To determine DNA homologies between the phages, Southern hybridizations were performed using three phage DNAs as probes; myovirus POA1180 isolated from O. anthropi (Figure 3B), podovirus POI1126 (Figure 3C) isolated from O. intermedium and B. inopinata phage BiPBO1 (Figure 3D), which already revealed significant homologies to some Ochrobactrum prophages (Hammerl et al., 2016). Phage POA1180 did not hybridize to most of the other phages. Weak homologies were detected to POI1126 and to the two O. dulfi phages whose restriction patterns were identical. Phage POI1126 hybridized strongly to the O. anthropi phage P1129 and to the O. tritici phage P1187. Moreover, the homologous restriction fragments were similar in size corroborating the close relationship of these phages. The temperate B. inopinata phage BiPBO1 showed relationship to the O. anthropi phages P1129 and P1157 (Figure 3). Based on these results it can be suggested that temperate Ochrobactrum phages are genetically highly diverse. To further characterize this diversity, the genomic sequences of myovirus POA1180 and podovirus POI1126 were determined.


[image: image]

FIGURE 3. Relationship of 19 Ochrobactrum spp. phages. (A) EcoRV restriction patterns of the phages. Southern hybridization of POA1180 (B), POI1126 (C), and BiPBO1 (D) to the isolated Ochrobactrum spp. phage DNAs: Ochrobactrum anthropi phages P1178 (lane 1), P1129 (lane 2), P1157 (lane 3), P1154 (lane 4), POA1180 (lane 5), O. intermedium phages: P1216 (lane 6), P1135 (lane 7), P1132 (lane 8), P1218 (lane 9), POA1126 (lane 10), O. tritici phages: P1114 (lane 11), P1184 (lane 12), P1187 (lane 13), O. dulfi phages: P1206 (lane 14), P1205 (lane 15), Ochrobactrum spp. phages: P1164 (lane 16), P1142 (lane 17), P1166 (lane 18), P1189 (lane 19), and Brucella inopinata phage BiPB01 (lane 20). Lanes M, Lambda Eco130I marker DNA.



The genome of phage POA1180 has a size of 41,655 bp with a GC-content of 56.6%. Fifty-eight putative gene products were assigned of which 55 are located on the same DNA strand. For 32 gene products a functional prediction could be made (Table S1). It is notable that almost no similarities were detected to proteins of other phages. Instead, very similar proteins are encoded by other Ochrobactrum strains and strains of the genera Brucella, Agrobacterium, Bartonella, Burkholderia, Rhizobium, and Stappia. The highest similarities exist to a prophage recently identified in Brucella strain 10RB9215 isolated from an exotic frog (Scholz et al., 2016). This indicates that closely related prophages are widespread in these bacteria but that reports on the respective phages are scarce. Based on homologies to other proteins, a gene map of phage POA1180 was constructed (Figure 4). The left half of the POA1180 genome mainly contains genes for DNA packaging and virion assembly. We identified putative genes for the small (ORF01) and large subunit of the terminase (ORF02), capsid protein, and several tail proteins (e.g., tail tube protein, tape measure protein, and tail fiber protein). The right half of the POA1180 genome contains genes for various proteins. First and foremost, two genes (ORF31 and ORF32) were identified which may confer resistance to chromium. Their products are very similar to proteins of Rhizobium, Mesorhizobium, and Sinorhizobium. While ORF31 encodes a chromate transport protein, the ORF32 product is closely related to chromate resistance proteins. Chromium resistance has already been reported for the O. tritici strain 5bvl1 but in this strain, the resistance genes are located on a transposon (Morais et al., 2011). Transposase genes (ORF42 and ORF43) are also present on the POA1180 genome, but whether the chromate resistance genes of this phage can be mobilized, is not known. The POA1180 ORF46 product is similar to sulfate permeases belonging to the CysZ family and may mediate the uptake of sulfate subsequently utilized for the synthesis of sulfur-containing compounds in the cell. Another gene that might be important for Ochrobactrum metabolism is ORF53 probably encoding a NAD(P) transhydrogenase. In addition, the right half of the POA1180 phage genome contains genes for an ATPase, transcriptional regulators, a partitioning protein, an exonuclease and the endolysin. However, for most genes located in this region, functional predictions could not be made.
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FIGURE 4. Gene maps of the Ochrobactrum phages POA1180 (A) and POI1126 (B). Putative genes are colored according to the predicted functions of their products. The position of putative Rho-independent transcription terminators and tRNAs are indicated. For POA1180 nucleotide similarities (>75%) to closely related Brucella and Ochrobactrum genomes are shown.



Phage POI1126 possesses a genome of 60,065 bp with a GC-content of 56.2%. Eighty putative genes were assigned, which are equally located on both DNA strands (Figure 4). The function of 31 gene products could be predicted on the basis of similarities to known proteins. The closest related phages of POI1126 are the S. meliloti phage PCB5, Erwinia pyrifoliae phage PEp14 and the Burkholderia cenocepacia phages DC1, Bcep22, and BcepIL02. While the lifestyle and morphology of PCB5 have not been documented yet, the other phages are podoviruses like POI1126 (Gill et al., 2011; Lynch et al., 2012). The three Burkholderia phages were originally isolated from soil. It has still to be clearified whether these phages are virulent or temperate since they were unable to form stable lysogens. Although, a recombinase gene and an attP site have been detected on the phage genomes the phages may be unable to successfully integrate into the host chromosome. In contrast, phage POI1126 was isolated from an O. intermedium strain by induction with mitomycin C suggesting a temperate lifestyle. The analysis of the POI1126 genome disclosed that the phage is almost identical to an unnamed plasmid of the O. intermedium strain LMG 3301 (ACQA01000004). We only found one nucleotide variation (deletion) in ORF30. The frame shift mutation led to an exchange of seven C-terminal amino acids in the predicted DNA-methylase protein. The strong homologies to the plasmid of strain LMG 3301 inspired us to analyse the plasmid content of O. intermedium strain O1126. This strain indeed contains a plasmid that showed an identical EcoRV restriction pattern as phage POI1126 (Figure 5). From these data, it can be assumed that both O. intermedium strains, O1126 and LM3301, harbor a temperate phage whose prophage replicates as plasmid. The sequence of the LMG 3301 plasmid deposited at NCBI is framed by a terminal direct repeat of 389 bp. We analyzed the corresponding DNA regions of POI1126 and the plasmid prophage by PCR but did not detect this repetitive sequence. As a consequence the first and last ORF of the LMG 3301 sequence encoding putative DNA methylases are merged in strain O1126. The resulting methylase gene (ORF30) is by far the largest gene of POI1126 (14.526 bp) and preceded by a suitable ribosome binding site. The genome analysis of the phage revealed two ORFs (38 and 39) probably forming an operon that may be important for plasmid maintenance. Their products are similar to partitioning proteins. Other plasmid-associated genes could not be determined. On the other hand, a putative integrase gene (ORF65) was identified whose function is yet not known. The gene map of phage POI1126 shows that the left half of the genome mainly contains genes for structural proteins and virion assembly, while only few ORFs in the right half could be functionally assigned. It is possible that this part of the genome harbors other genes, which are required for plasmid replication.


[image: image]

FIGURE 5. Comparison of the EcoRV restriction patterns of the POI1126 phage (1) and plasmid prophage (2).



The phages POI1126 and POA1180 possess several genes encoding potential methyltransferases (Table S1). To find out whether the genomes of the phages are modified, their DNAs were digested with several restriction endonucleases. None of the obtained restriction patterns of POA1180 coincided with patterns determined by in silico analysis. Figure 6A presents EcoRI and EcoRV profiles of the POA1180 DNA. Using the NEB cutter software, restriction patterns of CpG methylated phage DNA were predicted but also these patterns did not agree with patterns obtained by digestion (Figure 6A). However, a superimposition of the computer-generated EcoRI profiles (but not of the EcoRV profiles) corresponded well with the restriction pattern observable in agarose gels. This suggests that the POA1180 phage DNA contains some modifications, which diverge from modifications known in E. coli. On the other hand, the EcoRI and EcoRV restriction patterns of phage POI1126 were in good agreement with patterns predicted for unmethylated DNA (Figure 6B). Thus, the DNA of this phage is either not modified or contains modifications which cannot be traced by the restriction endonucleases used.
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FIGURE 6. Examination of POA1180 and POI1126 DNA modifications. To compare restriction patterns of the phages, EcoRI and EcoRV digests of POA1180 (A) and POI1126 (B) were separated on 0.8% agarose gels. Sizes of restriction fragments were determined using the λ Eco130I reference marker. For both phages EcoRI and EcoRV restriction patterns were predicted by computer analysis to compare the in silico data with experimental results. Predicted restriction patterns are shown for unmethylated and CpG methylated DNA.



DISCUSSION

In this study, temperate Ochrobactrum phages were isolated and characterized. Whereas, plasmids of Ochrobactrum have already been described (Chain et al., 2011) phages have yet not been investigated. Initial in silico analyses of published Ochrobactrum spp. genomes revealed that prophages are apparently widespread in this genus, similarly to the related genus Brucella, where numerous prophages have been identified (Hammerl et al., 2016). However, while to date only one active temperate phage could be isolated from Brucella spp., 72 out of 125 tested Ochrobactrum strains of different species released phage particles that caused plaques on indicator bacteria. The reason for this incongruency is yet not clear. It is conceivable that in Brucella spp. many prophages are defective. Compared to Ochrobactrum, the Brucella genome is much smaller. The genome reduction is associated with the adaption of brucellae to the intracellular lifestyle (Teyssier et al., 2004) and it is possible that prophage sequences are not conducive for the survival in the intra-host environment. Other reasons could be a high host specificity of Brucella phages or an immunity of Brucella strains to phage infection due to the presence of inherent prophages. Though, the close relationship between Brucella and Ochrobactrum does not really support this speculation. Many of the Ochrobactrum lysates revealed a rather broad lytic activity against non-lysogenic and lysogenic strains. In addition, as with B. inopinata phage BiPBO1, Ochrobactrum prophages could be readily induced by mitomycin C, UV, or heat treatment. Moreover, some Ochrobactrum strains released significant numbers of phage particles even under non-induced conditions (data not shown). Therefore, it remains obscure, why it is much easier to isolate temperate phages from Ochrobactrum than from Brucella.

Electron microscopy illustrated that temperate Ochrobactrum phages are morphologically diverse. Although, myoviruses are typically lytic while many siphoviruses can integrate into the host genome (Suttle, 2005), most Ochrobactrum lysates contained myoviruses. In some lysates two morphotypes (myovirus/podovirus and podovirus/siphovirus) were detected showing that these phages may coexist in the same cell. Phages belonging to different families generally share only little DNA similarity (Jarvis, 1984; Ackermann, 1992; Krylov et al., 1993; Wichels et al., 1998). The majority of the 19 isolated Ochrobactrum phages revealed clearly distinguishable restriction patterns. Some patterns were identical but in this case the respective phages varied in their host range indicating that they are related but not identical. Based on the obtained restriction patterns, genome sizes between 32 and 63 kb were calculated, a size range often found in phages (Hatfull, 2008). Southern hybridization experiments confirmed the diversity of the isolated phages. None of the phages revealed significant DNA homology to the myovirus POA1180. Podovirus POI1126 hybridized strongly to two other podoviruses (P1129 and P1187) but not to the remaining phages whereas B. inopinata siphovirus BiPBO1 showed similarity to P1129 and P1157. While the relationship of BiPB01 to the siphovirus P1157 was not surprising, we did not expect signals with P1157, because this phage had been classified as podovirus. A re-examination of the phage isolated from CsCl density-gradient band disclosed that the preparation contained both a podovirus and a siphovirus. The phages could obviously not be separated by CsCl density-gradient centrifugation. Since most Ochrobactrum strains are lysogenic or multilysogenic, prophages may be induced when infected with a phage from outside. As stated above some Ochrobactrum strains released high numbers of phage particles spontaneously during growth in culture media. Thus, there is always the possibility, that lysates are contaminated by endogenous phages and because of this fact, it is a challenge to find non-lysogenic, phage sensitive Ochrobactrum spp. strains to propagate phages that are of interest.

The analysis of the POA1180 phage genomes suggests that it is similarly organized like the genomes of many other temperate phages. The genome contains some functional gene modules, particularly for DNA packaging and virion assembly (Lima-Mendez et al., 2011). Though, for about half of the POA1180 genes, a functional assignment could not be made. One reason for this ambiguity could be that the closest relatives of POA1180 are prophages identified in other genera of the orders Rhizobiales, Burkholderiales, and Rhodobacteriales and not phage particles that have been characterized in detail. Nevertheless, typical for soil bacteria, some genes were identified on the POA1180 genome, which could be beneficial for its host. Resistance against chromate has been found in several bacteria including Ochrobactrum (Branco and Morais, 2013; Hora and Shetty, 2015), but to the best of our knowledge, the respective genes have yet not been identified on the genome of a temperate phage. The same holds true for the sulfate permease gene which may improve the supply of the host with sulfate (Pilsyk and Paszewski, 2009). These genes may give Ochrobactrum a selective advantage in the environment. Since phage POA1180 possesses a rather wide host range within the genus Ochrobactrum and because its DNA revealed some modification which may protect it from degradation, it is possible that other Ochrobactrum strains may benefit from lysogenic conversion. On the other hand, it becomes clear that those genes would not be beneficial for intracellular bacteria like Brucella and this may be one reason why active prophages are so rare in this genus. However, the isolation of phage BiPB01 from B. inopinata (Hammerl et al., 2016) and the occurrence of prophages in other non-classical Brucella species that are closely related to active Ochrobactrum phages (Scholz et al., 2016) suggest that those Brucella strains may be carrier of intact phages.

POI1126 is a temperate phage which replicates as plasmid during the lysogenic cycle. Whether POI1126 may integrate into the host chromosome has still to be investigated. The phage contains a putative integrase gene but it is possible that this gene is defective or that the attachment site attP is not functional or missing. The relationship of POI1126 to a plasmid of the O. intermedium strain LMG 3301 indicates that plasmid prophages might be common in this genus. Moreover, POI1126 is also related to podoviruses of other genera, e.g., Burkholderia. For B. cenocepacia phage Bcep22, whose genome showed a close relationship to the LMG 3301 plasmid as well, it has been reported that its prophage is unable to integrate into the host chromosome (Gill et al., 2011). Is it possible that this phage is a plasmid like POI1126? Further experiments are needed to elucidate the lifestyle of this group of podophages.

AUTHOR CONTRIBUTIONS

JH, CJ, HS, KN, and SH designed the study. JH, CJ, and JR performed the experiments. JH, CJ, HS, JR, and SH analyzed the data. All authors prepared the tables and figures, wrote, and edited the manuscript.

ACKNOWLEDGMENTS

The work was supported by the BfR grants 1322-488 and 45-003.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.01207/full#supplementary-material

REFERENCES

 Ackermann, H. W. (1992). Frequency of morphological phage descriptions. Arch. Virol. 124, 201–209. doi: 10.1007/BF01309802

 Bathe, S., Achouak, W., Hartmann, A., Heulin, T., Schloter, M., and Lebuhn, M. (2006). Genetic and phenotypic microdiversity of Ochrobactrum spp. FEMS Microbiol. Ecol. 56, 272–280. doi: 10.1111/j.1574-6941.2005.00029.x

 Branco, R., and Morais, P. V. (2013). Identification and characterization of the transcriptional regulator ChrB in the chromate resistance determinant of Ochrobactrum tritici 5bvl1. PLoS ONE 8:e77987. doi: 10.1371/journal.pone.0077987

 Chain, P. S., Lang, D. M., Comerci, D. J., Malfatti, S. A., Vergez, L. M., Shin, M., et al. (2011). Genome of Ochrobactrum anthropi ATCC 49188 T, a versatile opportunistic pathogen and symbiont of several eukaryotic hosts. J. Bacteriol. 193, 4274–4275. doi: 10.1128/JB.05335-11

 Danko, A. S., Luo, M., Bagwell, C. E., Brigmon, R. L., and Freedman, D. L. (2004). Involvement of linear plasmids in aerobic biodegradation of vinyl chloride. Appl. Environ. Microbiol. 70, 6092–6097. doi: 10.1128/AEM.70.10.6092-6097.2004

 Daxboeck, F., Zitta, S., Assadian, O., Krause, R., Wenisch, C., and Kovarik, J. (2002). Ochrobactrum anthropi bloodstream infection complicating hemodialysis. Am. J. Kidney Dis. 40, E17. doi: 10.1053/ajkd.2002.35759

 Deak, V., Lukacs, R., Buzas, Z., Palvolgyi, A., Papp, P. P., Orosz, L., et al. (2010). Identification of tail genes in the temperate phage 16-3 of Sinorhizobium meliloti 41. J. Bacteriol. 192, 1617–1623. doi: 10.1128/JB.01335-09

 El-Sayed, W. S., Ibrahim, M. K., Abu-Shady, M., El-Beih, F., Ohmura, N., Saiki, H., et al. (2003). Isolation and identification of a novel strain of the genus Ochrobactrum with phenol-degrading activity. J. Biosci. Bioeng. 96, 310–312. doi: 10.1016/S1389-1723(03)80200-1

 Gill, J. J., Summer, E. J., Russell, W. K., Cologna, S. M., Carlile, T. M., Fuller, A. C., et al. (2011). Genomes and characterization of phages Bcep22 and BcepIL02, founders of a novel phage type in Burkholderia cenocepacia. J. Bacteriol. 193, 5300–5313. doi: 10.1128/JB.05287-11

 Goris, J., Boon, N., Lebbe, L., Verstraete, W., and De Vos, P. (2003). Diversity of activated sludge bacteria receiving the 3-chloroaniline degradative plasmid pC1gfp. FEMS Microbiol. Ecol. 46, 221–230. doi: 10.1016/S0168-6496(03)00231-9

 Hammerl, J. A., Göllner, C., Al Dahouk, S., Nöckler, K., Reetz, J., and Hertwig, S. (2016). Analysis of the first temperate broad host range brucellaphage (BiPBO1) isolated from B. inopinata. Front. Microbiol. 7:24. doi: 10.3389/fmicb.2016.00024

 Hammerl, J. A., Jäckel, C., Reetz, J., Beck, S., Alter, T., Lurz, R., et al. (2011). Campylobacter jejuni group III phage CP81 contains many T4-like genes without belonging to the T4-type phage group: implications for the evolution of T4 phages. J. Virol. 85, 8597–8605. doi: 10.1128/JVI.00395-11

 Hatfull, G. F. (2008). Bacteriophage genomics. Curr. Opin. Microbiol. 11, 447–453. doi: 10.1016/j.mib.2008.09.004

 Hora, A., and Shetty, V. K. (2015). Partial purification and characterization of chromate reductase of a novel Ochrobactrum sp. strain Cr-B4. Prep. Biochem. Biotechnol. 45, 769–784. doi: 10.1080/10826068.2014.952385

 Jarvis, A. W. (1984). Differentiation of lactic streptococcal phages into phage species by DNA-DNA homology. Appl. Environ. Microbiol. 47, 343–349.

 Jelveh, N., and Cunha, B. A. (1999). Ochrobactrum anthropi bacteremia. Heart Lung 28, 145–146. doi: 10.1053/hl.1999.v28.a94602

 Johnning, A., Moore, E. R., Svensson-Stadler, L., Shouche, Y. S., Larsson, D. G., and Kristiansson, E. (2013). Acquired genetic mechanisms of a multiresistant bacterium isolated from a treatment plant receiving wastewater from antibiotic production. Appl. Environ. Microbiol. 79, 7256–7263. doi: 10.1128/AEM.02141-13

 Johnson, M., Zaretskaya, I., Raytselis, Y., Merezhuk, Y., McGinnis, S., and Madden, T. L. (2008). NCBI BLAST: a better web interface. Nucleic Acids Res. 36, W5–W9. doi: 10.1093/nar/gkn201

 Kämpfer, P., Buczolits, S., Albrecht, A., Busse, H. J., and Stackebrandt, E. (2003). Towards a standardized format for the description of a novel species (of an established genus): Ochrobactrum gallinifaecis sp. nov. Int. J. Syst. Evol. Microbiol. 53(Pt 3), 893–896. doi: 10.1099/ijs.0.02710-0

 Kämpfer, P., Huber, B., Busse, H.-J., Scholz, H. C., Tomaso, H., Hotzel, H., et al. (2011). Ochrobactrum pecoris sp. nov., isolated from farm animals. Int. J. Syst. Evol. Microbiol. 61, 2278–2283. doi: 10.1099/ijs.0.027631-0

 Kettaneh, A., Weill, F. X., Poilane, I., Fain, O., Thomas, M., Herrmann, J. L., et al. (2003). Septic shock caused by Ochrobactrum anthropi in an otherwise healthy host. J. Clin. Microbiol. 41, 1339–1341. doi: 10.1128/JCM.41.3.1339-1341.2003

 Krylov, V. N., Tolmachova, T. O., and Akhverdian, V. Z. (1993). DNA homology in species of bacteriophages active on Pseudomonas aeruginosa. Arch. Virol. 131, 141–151. doi: 10.1007/BF01379086

 Lebuhn, M., Achouak, W., Schloter, M., Berge, O., Meier, H., Barakat, M., et al. (2000). Taxonomic characterization of Ochrobactrum sp. isolates from soil samples and wheat roots, and description of Ochrobactrum tritici sp. nov, and Ochrobactrum grignonense sp. nov. Int. J. Syst. Evol. Microbiol. 50(Pt 6), 2207–2223. doi: 10.1099/00207713-50-6-2207

 Lebuhn, M., Bathe, S., Achouak, W., Hartmann, A., Heulin, T., and Schloter, M. (2006). Comparative sequence analysis of the internal transcribed spacer 1 of Ochrobactrum species. Syst. Appl. Microbiol. 29, 265–275. doi: 10.1016/j.syapm.2005.11.003

 Lima-Mendez, G., Toussaint, A., and Leplae, R. (2011). A modular view of the bacteriophage genomic space: identification of host and lifestyle marker modules. Res. Microbiol. 162, 737–746. doi: 10.1016/j.resmic.2011.06.006

 Lynch, K. H., Stothard, P., and Dennis, J. J. (2012). Characterization of DC1, a broad-host-range Bcep22-like podovirus. Appl. Environ. Microbiol. 78, 889–891. doi: 10.1128/AEM.07097-11

 Mahmood, M. S., Sarwari, A. R., Khan, M. A., Sophie, Z., Khan, E., and Sami, S. (2000). Infective endocarditis and septic embolization with Ochrobactrum anthropi: case report and review of literature. J. Infect. 40, 287–290. doi: 10.1053/jinf.2000.0644

 Möller, L. V., Arends, J. P., Harmsen, H. J., Talens, A., Terpstra, P., and Slooff, M. J. (1999). Ochrobactrum intermedium infection after liver transplantation. J. Clin. Microbiol. 37, 241–244.

 Morais, P. V., Branco, R., and Francisco, R. (2011). Chromium resistance strategies and toxicity: what makes Ochrobactrum tritici 5bvl1 a strain highly resistant. Biometals 24, 401–410. doi: 10.1007/s10534-011-9446-1

 Mudshingkar, S. S., Choure, A. C., Palewar, M. S., Dohe, V. B., and Kagal, A. S. (2013). Ochrobactrum anthropi: an unusual pathogen: are we missing them? Indian J. Med. Microbiol. 31, 306–308. doi: 10.4103/0255-0857.115664

 Ozdemir, D., Soypacaci, Z., Sahin, I., Bicik, Z., and Sencan, I. (2006). Ochrobactrum anthropi endocarditis and septic shock in a patient with no prosthetic valve or rheumatic heart disease: case report and review of the literature. Jpn. J. Infect. Dis. 59, 264–265.

 Perez-Blanco, V., Garcia-Caballero, J., Dominguez-Melcon, F. J., and Gomez-Limon, I. M. (2005). Ochrobactrum anthropi infectious endocarditis in an immunocompetent patient. Enferm. Infecc. Microbiol. Clin. 23, 111–112. doi: 10.1157/13071619

 Pilsyk, S., and Paszewski, A. (2009). Sulfate permeasesphylogenetic diversity of sulfate transport. Acta Biochim. Pol. 56, 375–384.

 Qasimyar, H., Hoffman, M. A., and Simonsen, K. A. (2014). Late-onset Ochrobactrum anthropi sepsis in a preterm neonate with congenital urinary tract abnormalities. J. Perinatol. 34, 489–491. doi: 10.1038/jp.2014.31

 Romero Gomez, M. P., Peinado Esteban, A. M., Sobrino Daza, J. A., Saez Nieto, J. A., Alvarez, D., and Pena Garcia, P. (2004). Prosthetic mitral valve endocarditis due to Ochrobactrum anthropi: case report. J. Clin. Microbiol. 42, 3371–3373. doi: 10.1128/JCM.42.7.3371-3373.2004

 Sambrook, J. F., and Russell, D. W. (2001). Molecular Cloning: A Laboratory Manual (3-Volume Set). New York, NY: Cold Spring Harbor Laboratory Press.

 Scholz, H. C., Mühldorfer, K., Shilton, C., Benedict, S., Whatmore, A. M., Blom, J., et al. (2016). The change of a medically important genus: worldwide occurrence of genetically diverse novel Brucella species in exotic frogs. PLoS ONE 11:e0168872. doi: 10.1371/journal.pone.0168872

 Scholz, H. C., Pfeffer, M., Witte, A., Neubauer, H., Al Dahouk, S., Wernery, U., et al. (2008). Specific detection and differentiation of Ochrobactrum anthropi, Ochrobactrum intermedium and Brucella spp. by a multi-primer PCR that targets the recA gene. J. Med. Microbiol. 57(Pt 1), 64–71. doi: 10.1099/jmm.0.47507-0

 Siti Rohani, A. H., and Tzar, M. N. (2013). Ochrobactrum anthropi catheter-related bloodstream infection: the first case report in Malaysia. Med. J. Malaysia 68, 267–268.

 Shrishrimal, K. (2012). Recurrent Ochrobactrum anthropi and Shewanella putrefaciens bloodstream infection complicating hemodialysis. Hemodial Int. 16, 113–115. doi: 10.1111/j.1542-4758.2011.00586.x

 Sultan, S., and Hasnain, S. (2007). Reduction of toxic hexavalent chromium by Ochrobactrum intermedium strain SDCr-5 stimulated by heavy metals. Bioresour. Technol. 98, 340–344. doi: 10.1016/j.biortech.2005.12.025

 Suttle, C. A. (2005). Viruses in the sea. Nature 437, 356–361. doi: 10.1038/nature04160

 Teyssier, C., Marchandin, H., and Jumas-Bilak, E. (2004). The genome of alpha-proteobacteria: complexity, reduction, diversity and fluidity. Can. J. Microbiol. 50, 383–396. doi: 10.1139/w04-033

 Thoma, B., Straube, E., Scholz, H. C., Al Dahouk, S., Zoller, L., Pfeffer, M., et al. (2009). Identification and antimicrobial susceptibilities of Ochrobactrum spp. Int. J. Med. Microbiol. 299, 209–220. doi: 10.1016/j.ijmm.2008.06.009

 Velasco, J., Romero, C., Lopez-Goni, I., Leiva, J., Diaz, R., and Moriyon, I. (1998). Evaluation of the relatedness of Brucella spp. and Ochrobactrum anthropi and description of Ochrobactrum intermedium sp. nov., a new species with a closer relationship to Brucella spp. Int. J. Syst. Bacteriol. 48(Pt 3), 759–768. doi: 10.1099/00207713-48-3-759

 Wi, Y. M., and Peck, K. R. (2010). Biliary sepsis caused by Ochrobactrum anthropi. Jpn. J. Infect. Dis. 63, 444–446.

 Wichels, A., Biel, S. S., Gelderblom, H. R., Brinkhoff, T., Muyzer, G., and Schutt, C. (1998). Bacteriophage diversity in the North Sea. Appl. Environ. Microbiol. 64, 4128–4133.

 Yoshida, M., Yoshida-Takashima, Y., Nunoura, T., and Takai, K. (2015). Genomic characterization of a temperate phage of the psychrotolerant deep-sea bacterium Aurantimonas sp. Extremophiles 19, 49–58. doi: 10.1007/s00792-014-0702-5

 Zhang, X. H., Zhang, G. S., Zhang, Z. H., Xu, J. H., and Li, S. P. (2006). Isolation and characterization of a dichlorvos-degrading strain DDV-1 of Ochrobactrum sp. Pedosphere 16, 64–71. doi: 10.1016/S1002-0160(06)60027-1

 Zhou, Y., Liang, Y., Lynch, K. H., Dennis, J. J., and Wishart, D. S. (2011). PHAST: a fast phage search tool. Nucleic Acids Res. 39, W347–W352. doi: 10.1093/nar/gkr485

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Jäckel, Hertwig, Scholz, Nöckler, Reetz and Hammerl. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-01207-g005.gif
<
s
3
H
8
<
s
]

Phage






OPS/images/fmicb-08-01207-g006.gif
192] 100 = o _=
14 0] == s
4 - p—
23] = =
13| _ —
0 wli=— wi=—
0s o5
04 = =
o1 o1

100 T e _—
s0 03 ==
10 wi{==
o1 wl=E






OPS/images/fmicb-08-01207-g003.gif
o

23 A 780 won e

BN 13 )

© Wiz 4s e Tn o [@nnnu s uiee N u

==
d - o=

L R A A A )

"m





OPS/images/fmicb-08-01207-g004.gif
e

[ELIE 9 b






OPS/images/fmicb-08-01207-t003.jpg
Ochrobactrum Number of

spp. strain released phages
0. anthropi

o178 4 x 10% pfu/ml O. intermedium 01218
01129 = O. intermedium 01147
01157 - O. intermedium 01147
01154 - O. intermedium 01147
01180 1 x 105 pfu/ml . anthropi 01129

0. intermedium

o1216 2% 10* pfu/ml ©. anthropi 01199
o218 - 0. intermedium 01135
ot132 - O. anthropi 01163
01191 = O. anthropi 01215
o1126 2% 10* pfuml ©. anthropi 01129
O. tritici

o114 2 x 105 pfw/ml 0. anthropi 01172
01187 2 x 105 pfu/ml 0. anthropi 01199
0. dulfi

01206 - ©. anthropi 01199
01205 - 0. anthropi 01215

0. pseudintermedium
ot164 - 0. intermedium 01135





OPS/images/fmicb-08-01207-t001.jpg
Ochrobactrum
spp. strains

0. anthropi
01129
01154

o1157
01163
o172
o178

01180
01199
01215

0. intermedium
01126

01132
01185
o147
ot191
01216
ot218

o. tritici
o114
o184
o1187

O. dulfi
01205

01206

Other designation, country
(source)

LMG3331, France (unknown)

CCUG20020, Sweden
(human blood)

CCUG24695
©CCUG34461
LMG3329

LMG33, Denmark (human
spinal fluid)

Ws4292
DSM20150
LMG5442

LMG3S01T, France (human
blood)

LMG3306, France (soil)
0ica-6

coua1sss

030

LMG5446, USA (oladder)
COM7036

LAII-106
Ws1830
Ws1846

CCUG30717, Sweden
(human blood)

CCUGA3892, Norway
(human, amniotic fluid)

0. pseudintermedium

o1164
0. oryzae
o1196

0. gallinifaeces
o142

0. haemophilum
o1166

CCUG34735, Sweden (water)

DSM17471, India (deep water
tice roots)

1S01965

CCUGS8531, Sweden
(human blood)

Designation of the
Bundeswehr Institute
collection

B-1129
B-1154

B-1157
B-1163
B-1172
B-1178

81180
81199
B-12156
LMG3I0TT
81132
B-11356
B-1147
B-1191

B-1216
B-1218

B-1114
B-1184
B-1187

B-1205

B-1206

B-1164

B-1196

B-1142

B-1166

ATCC, American Type Culture Collction; BCCM/LMG, Belgian Co-ordinated Collection

of Microorganisme.





OPS/images/fmicb-08-01207-t002.jpg
Strain

0. anthropi
ATCC 49188
ATCC 49687 (OAB)
M7

W13P3

60a

CTS-326

FRAF13

0. intermedium
LMG 3301

27452

Me6

COUG 57381 (2996)
27452

KCJK1738

Ochrobactrum spp.
O. pseudogrignonense K8
Ochrobactrum sp. CDB2
O. rhizosphaerae SIY1

Ochrobactrum sp.
EGD-AQ16
Ochrobactrum sp.
UNC390CL2Tsu3839
BS36

n.d., Not detected.

Intact (Size)  Questionable
(ize)
3(172-22.3kb) nd.
nd. 1(18.0 kb)

3(41.0-668kb) 3(125-17.8kb)

nd. 5(163-46.3 Kb)
nd. nd.
nd. 2(11.7-22.7 kb)
1(25.3K0) 1(54.0Kb)
2(408-488Kb)  1(33.1kb)
1(61.0KD)  3(15.5-40.1Kb)
3(235-643Kb) 4(9.2-30.5 kb)
nd. nd.
1(61.0kb) nd.
1(25.3K0) 1(54.0 ko)
2(13.1-137kb)  1(369Kb)
2(138-61.9kb) nd.
6(13.9-91.8Kb) nd.
nd. nd.
1(23.1K0) nd.

Incomplete.
(size)

2(17.5-22.6 kb)
1(13.0k0)
nd
1(7.1K)
2(8.2-10.5kb)
nd.
2(8.5-26.1 kb)

1(27.4K0)
nd.
2(6.9-17.3kb)
2(8.3-10.6kb)
nd.
2(8.5-26.1 kb)

nd
1(26.4 k)
1(15.1 kb)

3(7.5-14.9kb)

2(102-26.5 ko)





OPS/images/fmicb-08-01207-g001.gif
sssom

H
=
i
p i H
AR ERER xS EExyE]
omyens  Temperure
Vo Ty e * cone
Phosm  THE
o otiapi o o
i ore Siamorse
ot £ i ——
o conzr
i vennans Mxe texio s esxie
Miomyeine
oot e spe sexe 1exw
ey Gp e a1
oosgm A e
Temparaus
o G i3 saxe  aaxi
- iGN 1 14 1o 4
Sog Joklo ime  Sene  ssiie
o
A s saxiv s 7oxie
EH PR 1 R 1 S 9411






OPS/images/fmicb-08-01207-g002.gif





OPS/images/fmicb-08-01207-t005.jpg
0. anthropi

0. intermedium

0. tritici.

0. dulfi

Ochrobactrum spp.

POA1180
P1178
P1129
P1157
P1154

POI1126

P1216
P1218

P1132

P1191
P1114
P1187

P1184

P1206

P1205

P1164
P1196

P1142

P1166

0. anthropi strains (n
o180 -
01145 = - - - -
ot - - - - -
01162 = - = = =
ottag - - -
otz [E - = -
01120 - = - .
oz - - - - -
o119 - - - - -
ors - - - - -
o174 - - - - —
o0 - - - - -
01151 - - - - =
ovst [NEMM - - - -
oz - - - - -
onss - - - - -
ot - - - - -
01150
01178
o177
ot1s2
01160
01228
o1116
01130
01159
01163
01158
01156
01125
ot212
01143
01161

(]
[ -]
=
o1149 : B - - -
[ ]

64)

01169
1144
o115
01199
01207
o121
01213
01224
1227
01217
01209
01201
01215
o1210
o197
ot214
01225
ot121
01165

o175 - - - - -

ot226 -

otre - [NEM -

=
01123 =
ore G - - - -
o2 - - - -
|

otz [N - -

os7 - - =

ors« [ - -

o128 - - -

0. intermedium strains (n = 18)
ot192
o1167
01194
01193
01183
01190
01168
01183
o1216
01134
01185
o1182
o1182
01220
o147
01126
o1218
o1191

0. trtici strains (1 = 9)
o2t - - - - -

oftt4 - - - - - - - - - - - - - - - - .- -
oMe?T - - = = = = = e e e e e e e e e e e -
L T
L T
01208 - - - - - - - - - - - - -
01195 - - - - - - - - - - - - -
oM - - - - - - - - - - - - - - - o .o -
01146 = = - = = - - = = = = = = - = = = = =
O. dulfi strains (n = 3)

01208 - - - - - - - - - - - - - - - - - - -
01205 - - - - - - - - - - - - - - - - - - -
otie8 - - - - - - - B - - = = - - - Il - = o
0. pseudogrignonense strains (n = 3)

o8 - - - - - - - - - - - - - - - - - - -
01203 - - - - - - - - - - - - - - - - - - -
01189 - - - - - - - - - - - - - - - - - -
0. gallinifaecis strains (n = 2)

o1141 - - - - - - - - - - - - - - - - - - -
01142 - - - - = - - - - - = - = - = = - = =
0. grignonense strains (n = 2)

o1118 = = - - - - - - - - - - - - - = = - =
oM7 - - - - - - - - - - - - - - - - - - -
0. lupini strains (n = 2)

01136 - - = - - - - - - = - - - - - - - - -
O - = = = = e = e = e e e e e e e e e -
0. pseudintermedium strains (n = 2)

01164 - - - - - - - - - - - - - - -
0. haemophilum strains (n = 1)

omMes - - - - - - - - - - - - - - - - .- -

0. oryzae strains (n = 1)

o119 - - I - =

Mesorhizobium sp. strains (n = 2)
01188 - - - - -

I
Pseudomonas kiredjianae strains (n = 1)

01139 - - - - - - - - - - - - - - - - - - -
Pseudomonas saccharolyticum strains (n = 2)

01138 = = - - = - = = = = = = - - = = - - -
oitzr - - - - - - - - - - - - - - - - - - -

+, Strong phage activiy; (+), weak phage activity;
The gray values indicate a phage activity.






OPS/images/fmicb-08-01207-t004.jpg
Phage Family

0. anthropi
P1178 Myoviridae

P1157 Shphoviridas, icosahedal
P1154 nd.

P1129 Podoviidae

POA1180 Myovir

0. intermedium

P1216 Myoviridae

P1218 Siphoviridas, icosahedal
P1191 Siphoviridae, icosahedral
P1182 Myoviidae

POI1126 Podoviridae

0. trtici

P1114 Myovir

P1184 Myoviridae

P1187 Podoviidae

O. dulfi

P1206 Myoviidae

P1205 Siphovirdas, icosahedal
Ochrobactrum spp.

P1164 Myoviridae

Pi142 Shphoviridas, prolate
P1196 Myoviridae

P1166 Shphoviridae

n.d., Not determined





OPS/images/cover.jpg
, frontiers
in Microbiology

Prevalence, Host Range, and
Comparative Genomic Analysis of
Temperate Ochrobactrum Phages









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





