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Abstract

We describe here the isolation and characterization of the bacteriophage, NTR1 from activated sludge. This phage is lytic for
Nocardia transvalensis, Nocardia brasiliensis and Nocardia farcinica. NTR1 phage has a genome sequence of 65,275 bp in
length, and its closest match is to the Skermania piniformis phage SPI1 sharing over 36% of its genome. The phage belongs
to the Siphoviridae family, possessing a long non-contractile tail and icosahedral head. Annotation of the genome reveals
97 putative open reading frames arranged in the characteristic modular organization of Siphoviridae phages and contains a

single tRNA-Met gene.
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Bacterial genetic diversity is driven by DNA exchange
within microbial communities involving several processes of
horizontal gene transfer. One of these, transduction, allows
bacteriophages (or phages) to transfer DNA from a donor
bacterium to a suitable recipient [1-3]. Phages are believed
to have the highest genetic diversity of any known biological
entity, and current estimates suggest there are more than 10°!
phages on Earth, with a predicted ‘species’ estimate of ca.
100 million [3-7]. With the advent of next generation DNA
sequencing, phage genomic data are much more readily gen-
erated, and more than 5000 phage genomes have now been
sequenced [2, 8—10]. However, comparatively little informa-
tion is available on their ecological importance, particularly
those infective for environmentally important bacteria [11].

The genus Nocardia embraces an ecologically ubiquitous
group of bacteria, some of which have been implicated in
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environmental problems including stabilization of foams
in wastewater treatment plants because of their high cell
surface hydrophobicities [12—14]. Furthermore, some
Nocardia species are considered to be opportunistic human
pathogens[15, 16]. To date, fifty-five Nocardia species are
known to infect humans [22]. Some of the more prominent
include N. abscessus, N. asteroides, N. brasiliensis, N. far-
cinica, N. nova and N. transvalensis [17-22]. Referred to
collectively as nocardiosis, these infections are more com-
mon in immunocompromised patients and are often acquired
through infections of the respiratory tract or through skin
fissures. These infections then persist as comorbidities, with
disease disseminating to the brain, lungs and kidneys [16,
23, 24]. N. farcinica has been described as one of the most
frequently encountered human pathogens [18], but misdi-
agnosis of Nocardia infections is common mainly because
their clinical manifestations are shared with those of other
illnesses including tuberculosis, pneumonia, carcinoma and
chronic granulomatous disease [19, 25].

Furthermore, the presence of a preexisting disease state
within patients can lead to inappropriate or late initiation
of treatment, problems thought to contribute to a mortal-
ity rate of more than 30% [18, 19, 26]. Antibiotic treat-
ment options are available over long periods (often 612
months), but resistance to currently available antibiotics
is increasing [4, 19, 26]. Therefore, developing highly tar-
geted alternative forms of treatment is attractive. Of these,
phage therapy, exploiting lytic phages targeting pathogenic
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Nocardia species, is an attractive approach. Phages infec-
tive for Nocardia species characterized previously include
phage NBR1 infective for N. brasiliensis and the broad host
range phage GTE?2 that targets Gordonia, Rhodococcus and
Nocardia [7, 14, 27]. Additional genetic information on
other phages lytic for Nocardia species may also provide
further insight into their evolution and biodiversity.
Activated sludge mixed liquor samples were collected
from several wastewater treatment plants in Victoria, Aus-
tralia, and screened for the presence of phages able to lyse
N. transvalensis using phage enrichment and plaque plating
[27]. Single plaques present on lawn plates of N. transva-
lensis strain CON40 were purified by multiple rounds of
single plaque isolation, and the phage eventually obtained is
named NTRI1. This is the first phage reported as lytic for N.
transvalensis, and we report its characterization here.
Phage NTRI1 belongs to the Siphoviridae family in
possessing the characteristic long, non-contractile tail
(292+9 nm) and an isometric capsid head (60+4 nm)
(Fig. 1). This phage was screened against 14 Nocardia
strains held in our culture collection (Table 1), and plaques
were produced on three strains including N. transvalensis,
N. brasiliensis and N. farcinica. These three strains have all
been described as pathogens causing Nocardiosis [19].
The genome sequence of phage NTR1 was determined
using Illumina technology, generating more than a 100-fold
sequence coverage. This phage possesses a dsSDNA genome
65,275 bp in size with a G+ C content of 68.2 mol%. At
the DNA level, it appears to be highly novel, and its closest
homologue is phage SPI1, which infects Skermania pini-
formis, although this shared similarity covers only 36% of
the genome and 68% sequence homology [28]. Identifica-
tion of open reading frames was conducted applying a suite
of bioinformatics tools and revealed 97 putative open read-
ing frames together with one tRNA-Met (Table 2) [29, 30].
The genome has a typical Siphoviridae modular organiza-
tion, consisting in order of phage DNA packaging genes,
structural protein genes, followed by cell lysis and a DNA

Fig. 1 Electron micrograph of NTR1. Scale bar 100 nm
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Table 1 Nocardia strains used in this study

Strain reference  Organism Additional reference
CON4 Nocardia asteroides Q 131
CON12 Nocardia asteroides
CON14 Nocardia otitidiscavi- AMMRL 19.11
arum
CONI15 Nocardia otitidiscavi- AMMRL 19.12
arum
CON17 Nocardia carnea Queensland State
University
CON20 Nocardia asteroides Rockhampton hospital
CON23 Nocardia asteroides DSMZ 43757
CON25 Nocardia otitidiscavi- DSMZ 43242
arum
CON30 Nocardia carnea DSMZ 43397
CON40 Nocardia transvalensis DSMZ 43405
CON42 Nocardia brasiliensis DSMZ 43758
CON43 Nocardia brevicatena DSMZ 43024
CON47 Nocardia nova ATCC 33726
CON70 Nocardia farcinica

replication module. The NTR1 DNA sequence was depos-
ited in GenBank with the accession number MF477236.

Phage DNA packaging processes generally requires two
packaging proteins, which are known as the small and large
terminase subunits [31]. The small subunit is essential in
determining the specificity of DNA binding, but we were
unable to identify such a gene in NTR1 based on shared
homology. A large terminase subunit gene was identified
by the presence of the conserved motif Pfam 03237, which
occurs exclusively in large terminase subunits. In terms of
shared homology, this gene is similar to another large ter-
minase gene in a S. piniformis phage SPI1 [28]. This subu-
nit is responsible for the cleavage of the phage DNA after
packaging into the capsid prohead [32]. Typically, the small
terminase gene is located upstream of the large subunit gene
[31]. Two genes upstream of the large terminase (orfl and
orf2) are of unknown function and either or both potentially
may encode the small terminase subunit. A phylogenetic
analysis of the large terminase sequence showed it clus-
tered with Mycobacterium phages Roshbush, Qyrzula, PG1
and Cooper all of which have circularly permuted genome
ends and belong to cluster B suggesting NTR1 has the same
genetic configuration [33].

Tailed phages typically have a modular genome organi-
zation [31]. Generally the genes encoding structural pro-
teins are located adjacent to those encoding the terminase
subunits [31]. Most genes located between orf4—orf60
encode putative proteins in other phages are of unknown
function, although possession of conserved motif can
provide a putative function [7]. These clustered genes in
NTRI1 appear to encode proteins with a high level of amino
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Table 2 Summary of ORFs and gene products in NTR1 phage genome
Gene* Coordinates Length (bp) Predicted function (Pfam)® Significant match (% identity)® E-value!
1 3...848 846 Nucleoid occlusion protein. Related to Hypothetical protein [Mycobacterium le—44
ParB partitioning (cd16396) abscessus] (52)
2 845...1720 501 Hypothetical protein Hypothetical protein [Selenomas ruminan- 4e—51
tium] (52)
terL 1723...3408 1685 Phage terminase, large subunit Putative large terminase subunit [Skerma- 0.0
Terminase like family (pfam03237) nia phage SPI1] (61)
4 (3904...3401) 503 Hypothetical protein Hypothetical protein [Nocardia otitidis- 3e—29
caviarum] (39)
(4190...3960) 231 Hypothetical protein - -
(4587...4345) 243 Hypothetical protein Hypothetical protein [Nocardia grenaden-  Te—11
sis] (57)
7 (4771...4613) 159 Hypothetical protein - -
8 (5190...4771) 420 Hypothetical protein Hypothetical protein [Nocardia] (34) 6e—09
9 (5714...5190) 525 Hypothetical protein Hypothetical protein [Nocardia brasilien- ~ 9e—09
sis] (41)
10 (6282...5848) 535 Hypothetical protein Hypothetical protein [Mycobacterium 8e—06
phage Astraea] (38)
11 (6752...6282) 471 Hypothetical protein Hypothetical protein [Rhodococcusfas- le—22
cians] (49)
12 (7336...6860) 477 Hypothetical protein Hypothetical protein [Streptomyces sp.] 2e—60
(67)
13 (7751...7338) 414 Hypothetical protein Hypothetical protein [Gordonia phage 3e—34
Yvonnetastic] (48)
14 8022...8219 198 Hypothetical protein - -
15 8347...8574 228 Hypothetical protein -
16 8737...8967 231 Hypothetical protein -
17 9014...9310 297 Hypothetical protein Hypothetical protein [Nocardia thailan- 3e—49
dica] (87)
18 9390...9710 321 Hypothetical protein
19 9872...10186 315 Hypothetical protein Hypothetical protein [Rhodococcus phage — le—13
Finch] (54)
20 10326...10508 183 Hypothetical protein
21 (10784...10605) 180 Hypothetical protein Hypothetical protein [Skermania phage 4e—-07
SPI1] (62)
22 (11173...10781) 393 Hypothetical protein Hypothetical protein SPI1_5 [Skermania Te—22
phage SPI1] (43)
23 (11785...11390) 396 Hypothetical protein - -
24 (12814...11861) 954 Hypothetical protein Hypothetical protein [Mycobacterium 3e—65
abscessus] (39)
25 (13133...12924) 210 Hypothetical protein Hypothetical protein [Bacillus phage 9e—05
Bastille] (31)
26 (14178...13183) 996 Phage/plasmid like protein DUF945 domain-containing protein [Myco- 1e—97
Domain of unknown function (DUF932) bacteriumperegrinum] (52)
27 14317...14445 129 Hypothetical protein
28 14524...14790 267 Hypothetical protein
29 14855...15067 213 HicA toxin superfamily (COG1724) Hypothetical protein [Mycobacterium sp. 0.001
E1747] (45)
30 15069...15416 348 Protein of unknown function (pfam07098)  Hypothetical protein SPI1_10 [Skermania  2e—27
phage SPI1] (55)
31 15554...17374 1821 Hypothetical protein—putative portal Hypothetical protein SPI1_11 [Skermania 0.0
phage SPI1] (68)
32 17371...19584 2214 Hypothetical protein (pfam04233)—puta- ~ Hypothetical protein SPI1_12 [Skermania 0.0

tive capsid morphogenesis

phage SPI1] (57)
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Table 2 (continued)

Gene® Coordinates Length (bp) Predicted function (Pfam)® Significant match (% identity)® E-value!
33 19620...19784 165 Hypothetical protein Hypothetical protein SPI1_13 [Skermania  6e—04
phage SPI1] (58)
34 19879...21915 2037 Putative major capsid Hypothetical protein SPI1_14 [Skermania 0.0
phage SPI1] (61)
35 21998...22789 792 Hypothetical protein Hypothetical protein [Nocardia testaceal 4e—84
(58)
36 22801...23064 264 Hypothetical protein Hypothetical protein [Mycobacterium 2e—16
phage ShiVal] (53)
37 23128...23400 273 Hypothetical protein Hypothetical protein SPI1_18 [Skermania  5e—18
phage SPI1] (68)
38 23402...23608 207 Hypothetical protein Hypothetical protein SPI1_19 [Skermania ~ 6e—08
phage SPI1] (69)
39 23614...24012 399 Hypothetical protein Hypothetical protein SPI1_20 [Skermania  le—25
phage SPI1] (53)
40 24132...25256 1124 Putative major tail Hypothetical protein SPI1_21 [Skermania  8e—156
phage SPI1] (81)
tRNA-Met 25347...25420 tRNA
41 25824...26600 747 Hypothetical protein—head to tail con- Hypothetical protein [Rhodococcus ruber] — 2e—90
nector 57)
42 26600...27133 534 Hypothetical protein—tail completion Hypothetical protein [Rhodococcus ruber]  3e—65
protein (62)
43 27149...27487 339 Hypothetical protein—tail assembly Hypothetical protein [Mycobacterium le—13
phage Vincenzo] (57)
44 27480...27899 420 Hypothetical protein—tail assembly Hypothetical protein SPI1_29 [Skermania  4e—29
phage SPI1] (43)
45 27935...28372 437 Hypothetical protein Hypothetical protein SPI1_30 [Skermania  le—25
phage SPI1] (44)
46 28407...33992 5586 Tape measure protein Hypothetical protein [Nocardia miyunen- 0.0
Phage related protein (COG5412) sis] (51)
47 34002...35258 1257 Hypothetical protein—tail assembly Hypothetical protein [Rhodococcus ruber] 0.0
(64)
48 35255...35434 180 Hypothetical protein - -
49 35419...35805 387 Hypothetical protein—tail assembly Hypothetical protein [Rhodococcus ruber]  1e—52
(66)
50 35837...37528 1692 Hypothetical protein—tail assembly Hypothetical protein [Rhodococcus rho- 0.0
dochrous] (54)
51 37525...38193 669 Hypothetical protein—minor tail Hypothetical protein [Rhodococcus ruber]  8e—50
(44)
52 38193...38813 621 Hypothetical protein Hypothetical protein [Rhodococcus ruber]  1e—79
(55)
53 38810...39400 591 Hypothetical protein Hypothetical protein [Rhodococcus ruber]
(57)
54 39400...40002 603 Hypothetical protein Hypothetical protein SPI1 38 [Skermania  le—45
Phage SPI1] (45)
55 40023...40562 540 Hypothetical protein Hypothetical protein SPI1 46 [Skermania  6e—34
Phage SPI1] (34)
56 40538...40753 216 Hypothetical protein Hypothetical protein [Mycobacterium 3e—04
phage Apizium] (35)
57 40773...41138 366 Hypothetical protein Hypothetical protein [Hoysella altamiren- ~ 9e—19
sis] (43)
58 41129...41431 303 Hypothetical protein Hypothetical protein [Deinococcus pimen-  4e—04
sis] (36)
59 41442...42356 915 Hypothetical protein Hypothetical protein PBI_ASTRAEA_111 4e—64

[Mycobacterium phage Astraea] (41)
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Table 2 (continued)

Gene® Coordinates Length (bp) Predicted function (Pfam)® Significant match (% identity)® E-value!
60 42357...42767 411 Hypothetical protein Hypothetical protein [Nocardia farcinica] — 4e—26
(50)
61 42764...43474 711 Hypothetical protein Hypothetical protein [Nocardia farcinica] ~ 2e—54
(50)
62 43501...43968 468 Hypothetical protein Hypothetical protein [Nocardia farcinica]l ~ 3e—54
(50)
63 (44153...43965) 189 Hypothetical protein gp45 [Mycobacterium phage Pipefish] (54) le—15
64 (44874...44242) 633 Hypothetical protein Hypothetical protein SPI1_25 [Skermania  8e—44
phage SPI1] (50)
65 (45522...44947) 576 Hypothetical protein Hypothetical protein [Nocardia otitidis- 2e—55
caviarum] (48)
66 (46519...45772) 204 Hypothetical protein - -
67 45815...46660 846 Putative lysine (pfam13539) Putative lysine [Skermania phage SPI1] 3e-91
(81
68 46657...46926 270 Hypothetical protein Hypothetical protein [Nocardia arizonsis]  Te—11
(88)
69 46930...47181 252 Hypothetical protein Hypothetical protein [Skermania phage 4e—14
SPI1] (49)
70 (47708...47178) 531 ruvC Hypothetical protein SPI1_52 [Skermania  1e—46
RuvC Holliday Junction resolvasome phage SPI1] (46)
(COGO0817)
71 (48520...48035) 486 Hypothetical protein Hypothetical protein SPI1_53 [Skermania  1e—39
phage SPI1] (48)
72 (49631...48525) 1107 Hypothetical protein Hypothetical protein SPI1_54 [Skermania ~ 2e—105
phage SPI1] (49)
73 (49900...49631) 270 Hypothetical protein Hypothetical protein SPI1_56 [Skermania  3e—06
phage SPI1] (42)
74 (50262...49897) 366 Hypothetical protein (TIGR03789) Hypothetical protein [Nocardia jiangxien-  9e—37
sis] (74)
75 (50512...50285) 228 Hypothetical protein - -
76 (50509...50736) 228 Hypothetical protein - -
77 (52361...50733) 1629 Helicase Putative helicase [Skermania phage SPI1] 0.0
Superfamily I DNA or RNA helicase (65)
(COG1061)
78 (52442...52645) 204 Hypothetical protein - -
79 (53517...52648) 870 Hypothetical protein HTH DNA binding protein [Mycobacte- 1le—70
rium phage Bipper] (44)
80 (56022...53599) 2424 AAA domain (pfam13481) gp52 [Mycobacterium phage Phaedrus] 0.0
Bifunctional DNA primase/polymerase (48)
(pfam09250)
RecA family ATPase (COG3598)
81 (56007...56333) 327 Hypothetical protein (cd00569) Hypothetical protein SPI 60 [Skermain 2e—09
phage SPI1] (44)
82 (58147...56327) 1821 DNA polymerase DNA polymerase [Nocardia phage NBR1] 0.0
DNA polymerase family A (pfam00476) 99)
83 (58159...58545) 387 Hypothetical protein (Pfam11753) DUF3310 domain containing protein 2e—15
[Nocardia ignorata) (44)
84 (58542...58733) 192 Hypothetical protein - -
85 (58730...58966) 237 Hypothetical protein Hypothetical protein [Nocardia phage 2e—15
NBRI1] (56)
86 (58963...59319) 357 Hypothetical protein Hypothetical protein 54 [Brevibacterium 8e—17
phage LuckyBarnes] (51)
87 59858...60610 753 Hypothetical protein - -
88 60985...61464 480 Hypothetical protein - -
89 61464...61637 174 Hypothetical protein - -
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Table 2 (continued)

Gene® Coordinates Length (bp) Predicted function (Pfam)® Significant match (% identity)® E-value!
90 61624...61773 150 Hypothetical protein - -

91 62028...62195 168 Hypothetical protein - -

92 62188...62880 693 Hypothetical protein Hypothetical protein [Nocardia pseudobra- 1e—43

siliensis] (70)

93 62877...63215 339 Hypothetical protein - -

94 63215...63670 456 Hypothetical protein - -

95 63667...64293 627 Metallophosphatase domain Hypothetical protein [Nocardia flavorosea] 1e—74

(cd07390) (58)
96 64286...64447 162 Hypothetical protein - -
97 64748...65248 501 Hypothetical protein Hypothetical protein [Mycobacterium Se—15

abscessus] (34)

4Genes numbered consecutively

®Predicted function is based on amino acid sequence identity, conserved motifs and gene locations within functional modules. Data output was
generated via a suite of bioinformatics tools followed by confirmation and visualization through Geneious

“The most closely related gene (if named) and the name of the organism. The percentage identity (%) was based on the highest match when a

BlastP analysis was performed

4The probability of obtaining a match by chance, as determined by BLAST analysis

acid similarity to those found at the same location in the
S. piniformis phage SPI1 [28]. They include genes encod-
ing the major tail protein (Orf40), which shares 81% simi-
larity with the hypothetical protein 21 of the Skermania
SPI1 phage, and the major capsid protein (Orf34), which
shares 61% similarity with the hypothetical protein 14 of
the Skermania SPI1 phage (Table 2). Small clusters of
genes were seen throughout the NTR1 phage genome that
are also similar to those described in genomes of Nocar-
dia and Rhodococcus host species, which is not surpris-
ing as phage NTR1 can infect Nocardia species which are
related to Rhodococcus species, sharing 24 hypothetical
proteins (Table 2) [34]. Whether the NTR1 phage host
range extends to Rhodococcus species is not known.

The NTR1 phage gene orf29 is predicted to encode a
protein of the HicA toxin superfamily, which is generally
part of a two-component system, the hicAB cassette, a type
II toxin-antitoxin (TA) system [35]. These type II TA sys-
tems are the best documented and most abundant systems
among bacteria, and consist of a toxin and antitoxin [36].
Despite identifying a putative HicA gene, the gene encod-
ing its component HicB could not be seen in the NTR1
phage genome. It is unclear which of the proteins is the
toxin and which is the antitoxin, but in most bacteria, the
antitoxin encoding gene (hicA) is located upstream of its
corresponding toxin encoding gene [35]. However, recent
studies have described HicA as the toxin and HicB as the
antitoxin [37, 38]. The genes upstream and downstream
of orf29 (putative hicA) share no sequence similarity to
previously described hicB genes. Interestingly no hicA or
hicB genes have been reported previously in Nocardia spe-
cies or its phages.

@ Springer

The location of the genes encoding the phage structural
proteins in NTR1 phage was within the region orf31-orf65.
The major capsid proteins most probably encoded by orf34,
the major tail by orf40 and the tape measure protein by
orf46, have been identified in this phage, based on their
sequence homologies, gene lengths and possession of the
diagnostic conserved motif COG5412 associated with phage
tape measure proteins. A cluster of genes encoding tail
morphogenesis and assembly proteins (orf41-orfd4, orf47,
orf49-orf51) were also identified. This domain (COG5412)
is of particular interest because of its association with
mobilomes such as phages and transposons.

The remaining genes within this cluster encode proteins
of unknown function. However, based on their location it
is not unreasonable to assume they encode other compo-
nents or proteins involved in the structural assembly of the
phage. This pattern of gene organization is commonly seen
in genomes of phages within the order Caudovirales [39].
The Siphoviridae phage genomes with their modular archi-
tecture generally have the gene encoding the main tail pro-
tein separate from the tape measure protein by two ORFs,
where the second ORF is transcribed via a ribosomal slip-
page event [40]. Within the phage NTR1 genome, the genes
encoding the main tail protein and the tape measure protein
are separated by five ORFs and a tRNA and lack the ribo-
somal slippage sequence. It seems likely that the additional
genes within this region encode proteins performing a simi-
lar function, given the widely different clustering patterns
of genes that are responsible for a related function in other
phage genomes [2, 7, 13, 14, 28].

The genes between orf52 and orf66 encode hypotheti-
cal proteins of unknown function, but share sequence
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similarities with both bacterial and phage proteins. The DNA
replication/maintenance module of NTR1 appears to be
encoded by genes orf67 to orf83. Orf70 is a RuvC Holliday
junction resolvase, playing a key role in DNA recombina-
tion [41]. In Gram-negative bacteria, resolution of Holliday
junction recombination intermediates is said to be achieved
by the RuvC endonuclease working in conjunction with the
RuvAB complex, thereby facilitating both branch migration
and resolution [42, 43]. Interestingly, Gram-positive spe-
cies such as N. transvalensis often lack RuvC. Instead, they
utilize RecU, an unrelated junction resolution enzyme that
can function as part of the RuvAB complex [44]. The ruvC-
related genes have been detected in phages and prophages,
although they appear more distantly related to the wild-type
RuvC protein from E. coli (19-21% identity) [14, 27, 28, 45,
46]. In the NTR1 genome, the Holliday junction resolvase
is substantially homologous to a hypothetical protein in the
Skermania phage SPI1 genome (46% identity).

Analysis of the NTR1 phage genome suggests that com-
plex recombination events have contributed to its evolution.
Holliday junction resolvases act on branched DNA Hol-
liday junctions to resolve their structures during recombi-
nation events. Thus, the presence of such a resolvase may
be responsible for a series of recombination events within
the genome of NTR1 [28]. Orf77 contains the superfamily
IT DNA helicase motif (COG1061) and shares 65% iden-
tity with a putative helicase in the Skermania phage SPI1
(Table 2).

The adjacent gene orf79 encodes a hypothetical protein
that shares 44% amino acid sequence identity with the helix
turn helix (HTH) DNA binding protein in Mycobacterium
phage Bipper [47], consistent with it having a regulatory role
in NTR1 phage. The next gene orf80 encodes three domains
in different regions of the encoded protein. The first, motif
pfam13481, suggests the expressed protein is a DNA repair
protein [48], followed by an N-terminal bifunctional pri-
mase/polymerase motif (pfam09250) and a RecA-family
ATPase, associated with DNA replication, recombination
and repair [49]. This protein Orf80 is thought to have multi-
ple functions based on possession of these conserved motifs.
The RecA-family ATPase motif suggests its product behaves
as a DNA-dependent ATPase, involved in promoting autodi-
gestion of phage repressors, thereby causing a derepression
of genes involved in the SOS response. This autodigestive
process has an impact on the regulation of DNA repair and
prophage induction in response to DNA damage [50, 51].
The Orf92 predicted amino acid sequence shares 70% iden-
tity with a hypothetical protein in Nocardia pseudobrasil-
iensis (Table 2), while Orf95 contains a metallophosphatase
(MPP) conserved protein domain (cd07390) found in the
bacterium Nocardia flavorosea, where it is thought to play
arole in DNA repair, since both genes are in close proximity
to a Holliday junction resolvase gene [52].

While a substantial portion of the NTR1 genome encodes
proteins of unknown function, the information presented
here provides a foundation for further studies into Nocardia
phage genomics. The genetic data clearly indicate a close
evolutionary relationship between the NTR1 genome and
the S. piniformis phage SPI1 genome. Additional Nocardia
phage sequence data may provide further insights into the
evolutionary relationships between these phages. Finally,
based on the data reported here, NTR1 would not be con-
sidered a suitable candidate for Nocardiosis phage therapy
because it possesses a putative toxin gene. However, phage
endolysin treatment rather than that using the entire virion
could be used instead, as described previously [53].

In this study, we report the genomic characterization of
a phage that can propagate in three different Nocardia spe-
cies, all of which have clinical relevance. This phage, NTR1,
belongs to the family Siphoviridae and appears to have a
complex evolutionary history.
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