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Abstract
Little is known about the prevalence, functionality and ecological roles of temperate phages

for members of the mycolic acid producing bacteria, the Mycolata. While many lytic phages

infective for these organisms have been isolated, and assessed for their suitability for use

as biological control agents of activated sludge foaming, no studies have investigated how

temperate phages might be induced for this purpose. Bioinformatic analysis using the

PHAge Search Tool (PHAST) on Mycolata whole genome sequence data in GenBank for

members of the generaGordonia,Mycobacterium, Nocardia, Rhodococcus, and Tsuka-
murella revealed 83% contained putative prophage DNA sequences. Subsequent prophage

inductions using mitomycin C were conducted on 17 Mycolata strains. This led to the isola-

tion and genome characterization of three novel Caudovirales temperate phages, namely

GAL1, GMA1, and TPA4, induced fromGordonia alkanivorans, Gordonia malaquae, and
Tsukamurella paurometabola, respectively. All possessed highly distinctive dsDNA genome

sequences.

Introduction
The availability of next generation DNA sequencing has resulted in a dramatic increase in the
number of draft and fully annotated bacterial genomes. Yet a neglected area of genomics is that
of phages, considering that current estimates place their global abundance at 1031 [1, 2]. To
date (March 2016), 1,479 actinophage genome sequences have been sequenced, according to
the phagesdb database, and of these 1,128 infect members of the genusMycobacterium, making
their genomes the most extensively characterized of all phages. Complete genome sequences of
phages infective for other mycolic acid producing bacteria, the Mycolata, a distinct evolution-
ary lineage in the Actinobacteria, have been obtained [3–9]. Their hosts include members of
the genera Gordonia, Nocardia, Rhodococcus, and Tsukamurella. Some share both nucleotide
and amino acid sequence similarity with each other, and with some mycobacteriophages [4–6,
8–9].
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Bacterial whole genome sequence data have revealed insights into their evolutionary origin,
including features that appear to be of phage origin [10–12]. Up to 20% of a bacterial chromo-
some can be occupied by phages that can contribute to conferring to their parent cells both vir-
ulence and resistance to phage infection [10–12]. Lytic cycle induction can occur under a range
of conditions, including environmental and anthropogenic perturbations [10–11, 13–17].
Eventual host cell lysis renders any genetic benefit conferred from such an infection transient,
while the prophage remains intact [11–12, 14–15].

To our knowledge, most Mycolata phages whose genomes have been sequenced have been
isolated by their ability to form plaques on lawn cultures of their hosts [3–7, 9, 18]. These
phages are attractive as biocontrol agents to limit proliferation of their host bacteria, including
those stabilizing foams in activated sludge reactors [4–6, 19–20].

Prophage induction therapy is particularly appealing for phage biocontrol, especially where
lytic phages for a particular bacterium cannot be isolated readily, either because of fastidious
host cell growth requirements or phage defense mechanisms encoded by their host, but where
complete prophages are integrated into the host genome [21]. Conventional phage therapy
requires several stages, including phage isolation, purification, characterization, mass produc-
tion, determination of appropriate cocktail mixes of phages and development of an appropriate
delivery method [22–24].

However, before this approach can be considered for the Mycolata, several key questions
need to be addressed. These include the following: (i) Do Mycolata genomes contain pro-
phages? (ii) Is it possible to induce these to undergo their lytic cycles? (iii) Are these phages
similar to isolated Mycolata lytic phages, and what can be learned about their evolutionary
ancestries? This study attempts to address these questions.

Materials and Methods

Mycolata bacterial, plasmid and prophage sequence analyses
Bacterial and plasmid whole genome sequence (wgs) data were obtained from GenBank by
searching for the genera of interest by name (Gordonia,Mycobacterium, Nocardia, Rhodococ-
cus, and Tsukamurella), and those present are described in detail in S1 and S2 Tables. Putative
prophage DNA sequence data were detected using PHAST [25], which was preferred over
other programs including Prophage Finder [26], Prophinder [27], and Phage finder [28]
because of its faster run times, ability to process a wider variety of file types (annotated or un-
annotated) of differing completeness (draft or finished) and increased sensitivity [25].

Bacterial strains and media
Bacterial strains used in this study are listed in Table 1, and in Petrovski et al. [29], and methods
for their storage and cultivation were those described by Petrovski et al. [29]. These were all
grown on R2A medium (0.5 g/L Yeast extract (Oxoid, Adelaide, Australia), 0.5 g/L Proteose
peptone (Difco, North Ryde, Australia), 0.5 g/L Casamino acid (Difco, North Ryde, Australia),
0.5 g/L Glucose, 0.5 g/L soluble starch (Difco, North Ryde, Australia), 0.3 g/L K2HPO4, 0.005
g/L MgSO4.7H2O, 0.3 g/L sodium pyruvate (BDH, Murarrie, Australia)) broth and agar R2A +
14 g/L agar (Oxoid, Adelaide, Australia) at 25 C. All remaining chemicals were obtained from
Sigma (Sydney, Australia), unless otherwise noted.

Phage induction procedures
Bacterial strains were grown to stationary phase with shaking in either R2A or PYCA broth
[33], and then exposed to mitomycin C in attempts to induce any prophages. Rapid screening
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of multiple concentrations of mitomycin C (0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 15.0 and 20.0 μM) were
carried out on 1 mL aliquots of each of the stationary phase bacterial cultures. These cultures
were exposed to this range of mitomycin C concentrations overnight, then combined and fil-
tered (0.22 μM pore size) to remove any bacterial cell debris. Filtrates were subjected to
DNAse/RNAse pretreatment to remove any bacterial DNA prior to polyethylene glycol (PEG)
precipitation to concentrate phage particles. Phage DNA extraction/purification involved pro-
teinase K digestion, and phenol-chloroform-isoamyl alcohol purification. The DNA extracted
from mitomycin C treated cells was screened by agarose gel electrophoresis, where presence of
a suitably sized DNA band suggested detection of a putative prophage.

Where such a band was observed, separate assays using 1 mL aliquots of stationary phase
bacterial cultures and mitomycin C at each of the aforementioned concentrations were then
conducted to determine the optimum concentrations of mitomycin C. Similar experiments
were conducted on both PYCa or R2A broth and solid media lacking mitomycin C, to screen
for any spontaneous prophage induction. Thus, with solid media, lawn plates of the bacterial
strains were incubated at 30°C for three days prior to recovering cells into suspension with

Table 1. Summary of strains used in Mycolata prophage induction studies.

Species Lab ID Reference Other ID Species genome
sequences
available a

Putative
complete
prophage(s)

Putative
incomplete
prophages(s)b

Mitomycin C
induction

Spontaneous
induction

Dietzia maris CON27T [30] Dmar27, DSMZ
43672

0 NA NA - -

Gordonia
alkanivorans

CON72T [31] DSMZ 44369 1 1 0 + -

Gordonia amarae CON44 T [32] Gama44, DSMZ
43392, NBRC
15530

1 0 1 - -

Gordonia amarae CON9 Gama9,
UQCC2810

1 0 1 - -

Gordonia amarae BEN371 1 0 1 - -

Gordonia amarae BEN374 1 0 1 - -

Gordonia amarae BEN381 1 0 1 - -

Gordonia amarae BEN386 1 0 1 - -

Gordonia amarae BEN389 1 0 1 - -

Gordonia
desulfuricans

CON69 T 213E, NCIMB
40816

0 NA NA - -

Gordonia
polysoprenoraus

CON71 1 0 2 - -

Gordonia
malaquae

G239 1 1 1 + +

Tsukamurella
paurometabola

CON55 1 0 1 + +

Nocardia
brasiliensis

CON42 T 1 0 0 - -

Nocardia
brevicatena

CON43 DSMZ 43024 1 1 1 - -

Milisia brevis J81 T [33] DSMZ 44463 0 NA NA - -

Milisia brevis J82 [33] 0 NA NA - -

a Bacterial strains do not match with sequences in all cases
b Includes those that scored a completeness level of questionable (Q) when screened using PHAST
T Indicates type strain

doi:10.1371/journal.pone.0159957.t001
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either PYCa or R2A broth. DNA extraction and agarose gel electrophoresis to detect putative
prophages were performed as described above.

Sequencing and annotation of induced prophage genomes
Phage DNA sequencing libraries were prepared using an Illumina Nextera XT sample prepara-
tion kit following the manufacturer’s instructions. The prepared DNA libraries were sequenced
on an Illumina MiSeq as a 150-bp paired end run and sequence reads were assembled using
CLCWorkbench. Open reading frames (orfs) within the de novo assembled sequences were
detected using Glimmer (v3.02), for orfs with a minimum size of 90 bp [34]. All predicted start
codons were inspected manually for the presence of putative ribosomal binding sites, and cor-
rected if required. Sequence similarity searches were performed against genome sequences in
GenBank. The presence of tRNA and tmRNA was sought using ARAGORN [35] and with
tRNAScan-SE [36]. Transmembrane domains were predicted with the DAS transmembrane
prediction server [37], as described previously [4].

Preliminary induced phage characterization
Induced phage host ranges were determined by plating a 1:10 dilution series of phage onto host
bacterial lawn plates

Nucleotide sequence accession numbers
The nucleotide sequence for induced prophages GAL1, GMA1, and TPA4 were deposited in
GenBank under accession numbers KR053194, KR053195, and KR053196, respectively.

Results and Discussion

Prophages are prevalent in Mycolata species
All available whole genome sequence data from Gordonia, Nocardia, Rhodococcus, Tsukamur-
ella,Mycobacterium strains and their corresponding plasmid sequences were downloaded
from the GenBank database on 26th February 2014 (bacterial genome data), and 1st July 2014
(plasmid data). A total of 259 bacterial genomes and 49 plasmid sequences were analyzed. The
Mycolata sequences came from isolates from habitats including clinical samples, contaminated
soil, activated sludge, faeces, and animals (S1 Table). When these sequences were screened for
putative prophage regions, PHAST predicted that 83% of the 259 bacterial genomes may con-
tain genes of phage origin (S1 Table). Of these sequences 26% appeared to contain putative
complete intact prophage genomes (S1 Table), ranging from 5.4 to 135.5 kb in size. Some
Mycolata genomes contained up to nine putative prophage regions, and up to 4.26% of com-
plete Mycolata genomes was occupied by such regions.

The four Mycolata isolates obtained from wastewater treatment plants whose genomes had
been fully sequenced were also examined. These were Gordonia amarae strain NBRC 15530,
Gordonia malaquae strain NBRC 108250, Gordonia sihwensis strain NBRC 108236, and Rho-
dococcus ruber strain Chol-4. Of these, only the R. ruber strain appeared free of genes of phage
origin, and only an incomplete putative phage sequence was seen in the G. amarae genome.

Several of these putative prophage regions showed sequence similarities at an amino acid
level to previously characterized Mycolata phages (see S3 Table). For example theMycobacte-
rium tuberculosis strain CCDC5180 genome contained a putative remnant prophage region
encoding putative capsid proteins similar to those in Rhodococcus phages REQ1 and RRH1 [7,
38]. A small terminase subunit encoding gene was also similar to that in the Nocardia phage
NBR1 genome [14]. It was also possible to trace the same prophage sequence across genomes
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of multiple isolates of the same host organism. For example,Mycobacterium abscessus isolates
5S-0921 and 5S-1212 both contained an identical intact prophage sequence, 32.7 kb in length.

Forty-nine plasmid sequences were also analyzed from the genera listed above, as Kanda
et al [39] had demonstrated that phages can integrate into plasmids. Five Mycolata plasmids
were predicted by PHAST to contain intact prophage genomic sequences (S2 Table). All were
examined manually, and the genes detected were mainly homologues of those encoding inte-
grases, recombinases, and translocases, suggesting most likely that these were not from pro-
phages. Similar homologues of these genes were observed in some of the bacterial genomic
data, making it difficult sometimes to discern if they are genes of true phage origin, as these
may also be associated with other mobile genetic elements like plasmids.

Induction and detection of induced Mycolata prophages
G. alkanivorans strain CON72, G.malaquae strain BEN700, and N. brevicatena strain CON43
all isolated from wastewater treatment plants and held in the La Trobe University culture col-
lection and were used in induction experiments. They were chosen because some whole
genome sequence data (see S1 Table), suggested they may contain prophages. So they were
used as possible positive controls in the induction experiments. Furthermore, no lytic phages
had been recovered for them in earlier work carried out in this laboratory (Petrovski & Seviour,
Unpublished data). When these strains were exposed to a range of concentrations of mitomy-
cin C, the prophages GAL1 and GMA1 were successfully induced from G. alkanivorans, and G.
malaquae, respectively, which is shown in. Fig 1. No prophages were detected in N. brevicatena,
probably because of an absence of a complete prophage in this strain. This result was not sur-
prising as the bacterial strains we used in the induction study are different isolates to those in
the bioinformatics analysis. The bioinformatics study was used as a guide to determine if we
could detect the presence of any prophage like DNA elements.

Phage GAL1 was inducible at 20 μMmitomycin C, whereas a spontaneous induction of
phage GMA1 was also detected in the absence of mitomycin C, with G.malaquae [40]. When
GAL1 phage was examined by TEM, a Siphoviridae phage possessing the characteristic long
non-contractile tail (~450 nm) and isometric capsid (~75 nm diameter) was seen (data not
shown). Examination of other induced phages was unsuccessful, possibly due to low phage
titre.

DNA was isolated from both phage GAL1 and GMA1 and their genomes were sequenced
and assembled. The data revealed ~927-fold and ~2599-fold average coverage, respectively.
GAL1 and GMA1 phages had genome sizes of 49,979 bp and 41,207 bp, and contained 82 and
68 putative orfs, respectively. Their genomes contained no tRNA or tmRNA.

Despite the GAL1 phage being induced from a different strain of G. alkanivorans
(CON72) than that examined in the initial whole genome sequence screening (G. alkanivor-
ans strain NBRC16433), its sequence and that of the NBRC16433 contig GOALK93 (49,954

Fig 1. Phage DNA extraction frommitomycin C induced GMA1.Concentration of mitomycin C is
indicated on the gel above.

doi:10.1371/journal.pone.0159957.g001
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bp), were >99% homologous. This high level of shared similarity suggests the prophage in
strain NBRC16433 may be functional.

Activating the lytic cycle of prophages in other Mycolata isolates
An additional 14 Mycolata strains (Table 1) whose genomes have not yet been sequenced but
which are available in our culture collection, were also exposed to mitomycin C to see if any
prophages were present there. These strains included seven G. amarae strains (Table 1), the
most common foaming organism in Australian activated sludge treatment plants [21, 41–43].
However, no prophages were recovered. In one strain of T. paurometabola (CON55), sponta-
neous prophage induction was observed, making it difficult to determine in this strain the
impact of mitomycin C on phage induction. This phage is referred to as phage TPA4.

Infection properties of induced prophages
The three phages GAL1, GMA1, and TPA4 were characterized. In host range studies, none
formed plaques on any of the Mycolata pure cultures screened. It was clear from the present
work that G. alkanivorans (CON72) cells lysed in order to liberate GAL1 after exposure to
20 μMmitomycin C triggering the SOS response [44].

Despite T. paurometabola strain CON55 carrying the temperate phage TPA4, co-infection
with a different lytic phage TPA2 [3] resulted in plaque formation, suggesting that this phage
does not confer immunity to phage TPA2. Subsequent whole genome sequencing confirmed
that this TPA2 phage was responsible for generating the plaques, and no TPA4 phage could be
detected among the sequence, confirming that TPA4 was not responsible for plaque formation.
A similar co-infection of G.malaquae strain BEN700 was successful with phage GTE2 and
confirmed by phage genome sequencing that the plaques produced were by phage GTE2 and
not GMA1 [4].

Temperate phage TPA4 is a previously undescribed phage
The DNA obtained from the phage TPA4 was sequenced using an Illumina MiSeq platform.
Its genome was 56,212 bp in size, with ~1,749-fold average coverage, and contained 84 orfs (Fig
2, S3 Table). No putative tRNA or tmRNA could be recognized. It shared a small region (1,825
bp) of nucleotide sequence identity (75%) with Kineococcus radiotolerans strain SRS30216.
However, no nucleotide sequence similarity was observed with T. paurametabola strain DSMZ
20162, or to the PHAST predicted prophage region found in its genome, or to the genome of
phage TPA2, also infective for this strain [3].

Sequence repeats are common within the prophage genomes
Several repeat structures were seen in genomes of all three induced prophages. All contained
between 4–13 palindromes, ranging in size from 16–86 bp (see S4 Table). Some were located in
intergenic regions, where they might act as rho-independent transcriptional terminators (see
Fig 2) [45]. Between 30–179 direct repeats were found in each of the genome sequences of
these three phages (see S5 Table) and ranged in size between 15–193 bp. Furthermore, between
11 and 103 inverted repeats ranging from 15–60 bp in size were detected in all three genomes
(see S5 Table).

Inverted repeats can indicate replication origins and transposable elements [46], but neither
of these was identified in the induced prophage sequenced here. What functional roles these
direct and inverted repeats might play, if any, remains to be determined. However, repeat
sequences similar to these have been reported in lytic Mycolata phages [3, 4, 6].
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Summary of features of induced prophage genome sequences
All three temperate phages GAL1, GMA1, and TPA4 had the characteristic modular arrange-
ment distinctive of Siphoviridae phages, consisting of encoding DNA packaging genes, structural
protein genes, lysis genes, DNA replication genes, and genes associated with lysogeny (Fig 2).

Phage lysis genes
In each of phage GAL1, GMA1 and TPA4, an N-acetylmuramoyl-L-alanine amidase motif was
identified in products of genes orf22 (pfam01510), orf20 (pfam01510), and orf31 (pfam01519),
respectively. This motif identifies these as lysis genes, presumably activated at the induction of
their lytic cycles. In genomes of phages GAL1 and GMA1 these lysis genes were followed
immediately by those encoding putative holin proteins. These holins, identified from amino
acid sequence homology, were similar to other putative phage holin proteins. They fulfilled the
criteria of Wang et al. [47] that holins should be less than 150 amino acid residues long and
contain two or more transmembrane regions. In phage TPA4, no putative holin genes could be
identified in the vicinity of the phage lysin gene, suggesting that if present, they are either in an
unusual location or have very different amino acid and nucleotide sequences.

Phage lysogenic conversion and maintenance genes
Integrase genes were identified in all three phage genomes from their amino acid sequence simi-
larities. These were orf31 in GAL1, orf30 in GMA1, and orf37 in TPA4. Their presence supports
an ability of all three to enter a lysogenic replication cycle [48]. In GAL1 phage, a BRO family
protein (pfam02498) motif was seen in the N-terminal region of Orf39. The C-terminus con-
tained a phage antirepressor KilACmotif (pfam03374), which may be involved in inactivating
phage repressor proteins upon prophage induction [49]. Phage GMA1 also contained a BRO
family protein motif (pfam02498) at the N-terminal end of its Orf36. It appears to be encoded
by a chimeric gene, as the N-terminal region showed similarity to one inMycobacterium avium,

Fig 2. Genomemaps of temperate Mycolata phages GAL1, GMA1, and TPA4 and the predicted prophage GOALK093 from the genomes ofG.
alkanivorans. The arrows represent the annotated gene and direction of transcription in each genome. Gene modules are similarly shaded i.e.,
red = encodes DNA packaging proteins, orange = encodes structural proteins, yellow = encodes lysis proteins, blue = encodes phage maintenance
proteins. The genome not annotated in this study is shaded in green. Regions of homology are also indicated.

doi:10.1371/journal.pone.0159957.g002

Induction of Mycolata Prophages

PLOS ONE | DOI:10.1371/journal.pone.0159957 August 3, 2016 7 / 11



and the C-terminal to that encoded by a gene from G. alkanivorans. This same region is present
in contig GOALK93, which corresponds in its sequence to the Orf34 of phage GAL1. No puta-
tive excisionase genes could be found in any of these three phage genome sequences.

Several genes were identified in the GAL1 prophage genome that might confer enhanced fit-
ness to G. alkanivorans. These included orf34 whose encoded product contains a motif
(pfam09669) for a Rha family regulatory protein. In lamboid phage phi 80, this protein is
thought to interfere with phage infection in bacterial strains lacking the host integration host
factor (IHF) [50]. The orf47 of phage GAL1 encodes a protein with high amino acid sequence
homology to a putative beta subunit of a protocatechuate 3,4-dioxygenase, involved in degra-
dation of aromatic compounds [51].

Evolutionary insights into Mycolata prophages
All three induced phages differ to each other at the nucleotide sequence level, and their
genomes encode a high proportion of proteins (between 7 to 24%) for which no statistically sig-
nificant matches in GenBank could be found. However, some amino acid sequence similarity
(75% identity, 49% coverage) was seen between the products of orf34 of GAL1 phage, a putative
Rha protein, and orf36 of GMA1 phage, which is a putative BRO family protein. Furthermore,
both phage GMA1 and TPA4 contained genes encoding G.malaquae protein homologues.
Phages GAL1, GMA1, and TPA4 are each genetically unique, and are therefore placed in the
category of ‘singletons’ in accordance to Hatfull et al [52], as they share no phylogenetic rela-
tionships with any other phages included there.

Despite this, GMA1 possessed several genes whose encoded products had amino acid
sequence similarities to those seen inMycobacterium phages Mutaform13, Ramsey, Gumball,
PMC, and Dori. This finding suggests some shared evolutionary ancestry between these phages
and the GMA1 phage. Furthermore, the GMA1 genome contained many genes that encode
amino acid sequences with similarities to several hypothetical proteins in Rhodococcus spp., G.
malaquae, and G. sihwensis.

Conclusions
In silico whole genome sequence data analyses suggest that prophages occur commonly in the
Mycolata, identifying many potentially useful molecular ‘time bombs’, to be activated en masse
to target these organisms and hence control biologically any problems they cause, including
the formation of stable foams in wastewater treatment plants.

However, several questions need to be addressed before such a strategy is considered. For
example, exposure to any possible agent or factor inducing their lytic cycles might in turn acti-
vate the lytic cycle in other temperate phages whose host cells are functionally important bacte-
ria in activated sludge communities. Preliminary induction studies have suggested that some of
the lysogenic phages described here are probably functional and can be induced into their lytic
cycles. Their genomes reveal genes that may provide their host cells with advantageous attri-
butes, which may be ecologically important. Prophage induction therapy could be an attractive
approach to targeting hosts such as the Mycolata with multiple phage defense systems where
these are infected with temperate phages, or where the bacterium in question is difficult to cul-
ture in a laboratory, thus making lytic phage isolation difficult.
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using PHAST.
(PDF)

Induction of Mycolata Prophages

PLOS ONE | DOI:10.1371/journal.pone.0159957 August 3, 2016 8 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159957.s001


S2 Table. Prophages detected in plasmid sequences using PHAST.
(PDF)

S3 Table. GAL1, GMA1 and TPA4 geneome sequence annotations.
(PDF)

S4 Table. Palindromes in the genome sequences of phages GAL1, GMA1 and TPA4.
(PDF)

S5 Table. Repeats in the genome sequences of phages GAL1, GMA1 and TPA4.
(PDF)

Acknowledgments
We wish to thank Dr. Eric Hanssen (Bio21 Institute) for assistance with Transmission Electron
Microscopy, and Dr. Daniel Tillett for useful discussions. ZD was the recipient of an Australian
Postgraduate Award PhD Scholarship. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Author Contributions

Conceived and designed the experiments: ZD JT RS SP.

Performed the experiments: ZD TB BF.

Analyzed the data: ZD.

Contributed reagents/materials/analysis tools: SD JT.

Wrote the paper: ZD TB SD JT RS SP.

References
1. Hendrix RW. Bacteriophages: Evolution of the Majority. Theor Pop Biol. 2002; 61:471–480. doi: 10.

1006/tpbi.2002.1590

2. Chibani-Chennoufi S, Bruttin A, Dillmann M-L, Brüssow B. Phage-Host Interaction: an Ecological Per-
spective. J Bacteriol. 2004; 186:3677–3686. PMID: 15175280

3. Petrovski S, Seviour RJ, Tillett D. Genome sequence and characterization of the Tsukamurella bacteri-
ophage TPA2. Appl Environ Microbiol. 2011; 77:1389–1398. doi: 10.1128/AEM.01938-10 PMID:
21183635

4. Petrovski S, Seviour RJ, Tillett D. Characterization of the Genome of the Polyvalent Lytic Bacterio-
phage GTE2, Which Has Potential for Biocontrol ofGordonia, Rhodococcus, andNocardia Stabilized
Foams in Activated Sludge Plants. Appl Environ Microbiol. 2011; 77:3923–3929. doi: 10.1128/AEM.
00025-11 PMID: 21498753

5. Petrovski S, Seviour RJ. Tillett D. Prevention ofGordonia andNocardia Stabilized Foam Formation by
Using Bacteriophage GTE7. Appl Environ Microbiol. 2011; 77:7864–7867. doi: 10.1128/AEM.05692-
11 PMID: 21926218

6. Petrovski S, Tillett D, Seviour RJ. Genome Sequences and Characterization of the RelatedGordonia
Phages GTE5 and GRU1 and Their Use as Potential Biocontrol Agents. Appl Environ Microbiol. 2012;
78:42–47. doi: 10.1128/AEM.05584-11 PMID: 22038604

7. Petrovski S, Dyson ZA, Seviour RJ, Tillett D. Small but sufficient: the Rhodococcus phage RRH1 has
the smallest known Siphoviridae genome at 14.2 kilobases. J Virol. 2012; 86:358–363. PMID:
22013058

8. Petrovski S, Seviour RJ, Tillett D. Characterization and whole genome sequences of the Rhodococcus
bacteriophages RGL3 and RER2. Arch Virol. 2013; 158:601–609. doi: 10.1007/s00705-012-1530-5
PMID: 23129131

Induction of Mycolata Prophages

PLOS ONE | DOI:10.1371/journal.pone.0159957 August 3, 2016 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159957.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159957.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159957.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159957.s005
http://dx.doi.org/10.1006/tpbi.2002.1590
http://dx.doi.org/10.1006/tpbi.2002.1590
http://www.ncbi.nlm.nih.gov/pubmed/15175280
http://dx.doi.org/10.1128/AEM.01938-10
http://www.ncbi.nlm.nih.gov/pubmed/21183635
http://dx.doi.org/10.1128/AEM.00025-11
http://dx.doi.org/10.1128/AEM.00025-11
http://www.ncbi.nlm.nih.gov/pubmed/21498753
http://dx.doi.org/10.1128/AEM.05692-11
http://dx.doi.org/10.1128/AEM.05692-11
http://www.ncbi.nlm.nih.gov/pubmed/21926218
http://dx.doi.org/10.1128/AEM.05584-11
http://www.ncbi.nlm.nih.gov/pubmed/22038604
http://www.ncbi.nlm.nih.gov/pubmed/22013058
http://dx.doi.org/10.1007/s00705-012-1530-5
http://www.ncbi.nlm.nih.gov/pubmed/23129131


9. Summer EJ, Liu M, Gill JJ, Grant M, Chan-Cortes TN, Ferguson L, et al. Genomic and functional analy-
ses of Rhodococcus equi phages ReqiPepy6, ReqiPoco6, ReqiPine5, and ReqiDocB7. Appl Environ
Microbiol. 2011; 77:669–683. doi: 10.1128/AEM.01952-10 PMID: 21097585

10. Lawrence JG, Hendrix RW, Casjens S. Where are the pseudogenes in bacterial genomes? Trends in
Microbiol. 2001; 9:535–540. doi: 10.1016/S0966-842X(01)02198-9

11. Canchaya C, Proux C, Fournous G, Bruttin A, Brussow H. Prophage genomics.Microbiol. Mol Biol Rev
2003; 67:238–276. PMID: 12794192

12. Casjens S. Prophages and bacterial genomics: what have we learned so far? Mol Microbiol. 2003;
49:277–300. PMID: 12886937

13. Weinbauer MG. Ecology of prokaryotic viruses. FEMSMicrobiol Rev. 2004; 28:127–181. doi: 10.1016/
j.femsre.2003.08.001 PMID: 15109783

14. Brussow H, Kutter E. Genomics and Evolution of Tailed Phages. In Bacteriophages: Biology and Appli-
cations. 2004; Edited by Kutter E. & Sulakvelidze A. Florida: CRC Press.

15. Paul JH. Prophages in marine bacteria: dangerous molecular time bombs or the key to survival in the
seas? ISME J. 2008; 2:579–589. doi: 10.1038/ismej.2008.35 PMID: 18521076

16. Choi W, Harshey RM. DNA repair by the cryptic endonuclease activity of Mu transposase. Proc Natl
Acad Sci. USA 2010; 107:10014–10019. doi: 10.1073/pnas.0912615107 PMID: 20167799

17. Motlagh AM, Bhattacharjee AS, Goel R. Microbioloigcal study of bacteriophage induction in the pres-
ence of chemical stress factors in enhanced biological phosphorous removal. Water Res. 2015; 81:1–
14. doi: 10.1016/j.watres.2015.04.023 PMID: 26024959

18. Petrovski S, Seviour RJ, Tillett D. Genome sequence of the Nocardia bacteriophage NBR1. Arch Virol.
2014; 159:167–173. doi: 10.1007/s00705-013-1799-z PMID: 23913189

19. Thomas JA, Soddell JA, Kurtböke DÍ. Fighting foam with phages. Water Sci Technol. 2002; 46:511–
553. PMID: 12216679

20. Withey S, Cartmell E, Avery LM, Stephenson T. Bacteriophages—potential for application in wastewa-
ter treatment processes. Sci Total Environ. 2005; 339:1–18. PMID: 15740754

21. de los Reyes FL III. 2010. Foaming. p 215–258. In Seviour RJ, Nielsen PH (ed), Microbial Ecology of
Activated Sludge. IWA Publishing, London.

22. Verbeken G, Huys I, De Vos D, De Coninck A, Roseeuw D, Kets E et al. Access to bacteriophage ther-
apy: discouraging experiences from human cell and tissue legal framework. FEMSMicrobiol Lett. 2015
doi: 10.1093/femsle/fnv241

23. Nobrega FL, Costa AR, Azeredo J, Kluskens L. Revisiting phage therapy: new applications for old
resources. 2015; Trends in Microbiol. 23:185–191.

24. Vandenheuvel D, Lavigne R, Brüssow H. Bacteriophage Therapy: Advances in Formulation Strategies
and Human Clinical Trials. Annu Rev Virol. 2015; 2:599–618. doi: 10.1146/annurev-virology-100114-
054915 PMID: 26958930

25. Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. PHAST: A Fast Phage Search Tool. Nucleic Acids
Res. 2011; 39:W347–W352. doi: 10.1093/nar/gkr485 PMID: 21672955

26. Bose M, Barber RD. Prophage Finder: A Prophage Loci Prediction Tool for Prokaryotic Genome
Sequences. In Silico Biol. 2006; 6:223–227. PMID: 16922685

27. Lima-Mendez G, Helden JV, Toussaint A, Leplae Rl. Prophinder: a computational tool for prophage pre-
diction in prokaryotic genomes. Bioinformatics 2008; 24:863–865. doi: 10.1093/bioinformatics/btn043
PMID: 18238785

28. Fouts DE. Phage_Finder: Automated identification and classification of prophage regions in complete
bacterial genome sequences. Nuc Acids Res 2006; 34:5839–5851. doi: 10.1093/nar/gkl732

29. Petrovski S, Dyson ZA, Quill ES, McIlroy SJ, Tillett D, Seviour RJ. An examination of the mechanisms
for stable foam formation in activated sludge systems. Water Res. 2011; 45:2146–2154. doi: 10.1016/j.
watres.2010.12.026 PMID: 21239035

30. Rainey FA, Klatte S, Kroppenstedt RM, Stackebrandt E. Dietzia, a new genus including Dietzia maris
comb. nov., formerly Rhodococcus maris. IJSEM 1995; 45:32–36.

31. Kummer C, Schumann P, Stackebrandt E.Gordonia alkanivorans sp. nov., isolated from tar-contaimi-
nated soil. IJSEM 1999; 49:1513–1522.

32. Lechevalier H. Actinomycetes of sewage treatment plants. In: U.S. Departemnt of commerce national
technical information service report.

33. Soddell JA, Stainsby FM, Eales KL, Kroppenstedt RM, Seviour RJ, Goodfellow M. Milisia brevis gen.
nov., msp, nov., an actinomycete isolated from activated sludge foam. IJSEM 2006; 56:739–744.
PMID: 16585686

Induction of Mycolata Prophages

PLOS ONE | DOI:10.1371/journal.pone.0159957 August 3, 2016 10 / 11

http://dx.doi.org/10.1128/AEM.01952-10
http://www.ncbi.nlm.nih.gov/pubmed/21097585
http://dx.doi.org/10.1016/S0966-842X(01)02198-9
http://www.ncbi.nlm.nih.gov/pubmed/12794192
http://www.ncbi.nlm.nih.gov/pubmed/12886937
http://dx.doi.org/10.1016/j.femsre.2003.08.001
http://dx.doi.org/10.1016/j.femsre.2003.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15109783
http://dx.doi.org/10.1038/ismej.2008.35
http://www.ncbi.nlm.nih.gov/pubmed/18521076
http://dx.doi.org/10.1073/pnas.0912615107
http://www.ncbi.nlm.nih.gov/pubmed/20167799
http://dx.doi.org/10.1016/j.watres.2015.04.023
http://www.ncbi.nlm.nih.gov/pubmed/26024959
http://dx.doi.org/10.1007/s00705-013-1799-z
http://www.ncbi.nlm.nih.gov/pubmed/23913189
http://www.ncbi.nlm.nih.gov/pubmed/12216679
http://www.ncbi.nlm.nih.gov/pubmed/15740754
http://dx.doi.org/10.1093/femsle/fnv241
http://dx.doi.org/10.1146/annurev-virology-100114-054915
http://dx.doi.org/10.1146/annurev-virology-100114-054915
http://www.ncbi.nlm.nih.gov/pubmed/26958930
http://dx.doi.org/10.1093/nar/gkr485
http://www.ncbi.nlm.nih.gov/pubmed/21672955
http://www.ncbi.nlm.nih.gov/pubmed/16922685
http://dx.doi.org/10.1093/bioinformatics/btn043
http://www.ncbi.nlm.nih.gov/pubmed/18238785
http://dx.doi.org/10.1093/nar/gkl732
http://dx.doi.org/10.1016/j.watres.2010.12.026
http://dx.doi.org/10.1016/j.watres.2010.12.026
http://www.ncbi.nlm.nih.gov/pubmed/21239035
http://www.ncbi.nlm.nih.gov/pubmed/16585686


34. Delcher AL, Bratke KA, Powers EC, Salzberg SL. Identifying bacterial genes and endosymbiont DNA
with Glimmer. Bioinformatics 2007; 23:673–679. doi: 10.1093/bioinformatics/btm009 PMID: 17237039

35. Laslett D, Canback B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide
sequences. Nuc Acids Res. 2004; 32:11–16. doi: 10.1093/nar/gkh152

36. Schattner P, Brooks AN, Lowe TM. The tRNAscan-SE, snoscan and snoGPS web servers for the
detection of tRNAs and snoRNAs. Nuc Acids Res. 2005; 33:W686–689. doi: 10.1093/nar/gki366

37. Cserzo M, Wallin E, Simon I, Heijne Gv, Elofsson A. Prediction of transmembrane alpha-helices in pro-
cariotic membrane proteins: the Dense Alignment Surface method. Protein Eng. 1997; 10:673–676.
doi: 10.1093/protein/10.6.673 PMID: 9278280

38. Petrovski S, Seviour RJ, Tillett D. Genome sequence and characterization of a Rhodococcus equi
phage REQ1. Virus Genes 2013; 46:588–590. doi: 10.1007/s11262-013-0887-1 PMID: 23381579

39. Kanda K, Tan Y, Aizawa K. A Novel Phage Genome Integrated into a Plasmid in Bacillus thuringiensis
Strain AF101. J Gen Microbiol. 1989; 135:3035–3041. PMID: 2614379

40. Dyson ZA, Tucci J, Seviour RJ, Petrovski S. Lysis To Kill: Evaluation of the Lytic Abilities, and Geno-
mics of Nine Bacteriophages Infective forGordonia spp. and Their Potential Use in Activated Sludge
Foam Biocontrol. PLoS ONE 2015; 10(8): e0134512. doi: 10.1371/journal.pone.0134512 PMID:
26241321

41. Seviour EM, Williams CJ, Seviour RJ, Soddell JA, Lindrea KC. A survey of filamentous bacterial popu-
lations from foaming activated sludge plants in eastern states of Australia. Water Res 1990; 24:493–
498. doi: 10.1016/0043-1354(90)90234-W

42. Blackall LL, Harbers AE, Greenfield PF, Hayward AC. Foaming in activated sludge plants: a survey in
Queensland, Australia and an evaluation of some control strategies. Water Res. 1991; 25:313–317.

43. Seviour EM, Williams C, DeGrey B, Soddell JA, Seviour RJ, Lindrea KC. Studies on filamentous bacte-
ria from Australian activated sludge plants. Water Res. 1994; 28:2335–2342. doi: 10.1016/0043-1354
(94)90049-3

44. Little JW, Michalowski CB. Stability and instability in the lysogenic state of phage lambda. J Bacteriol.
2010; 192:6064–6076. doi: 10.1128/JB.00726-10 PMID: 20870769

45. Lesnik EA, Sampath R, Levene HB, Henderson TJ, McNeil JA, Ecker DJ. Prediction of rho-independent
transcriptional terminators in Escherichia coli. Nucleic Acids Res. 2001; 29:3583–3594. doi: 10.1093/
nar/29.17.3583 PMID: 11522828

46. Mott ML, Berger JM. DNA replication initiation: mechanisms and regulation in bacteria. Nat Rev Micro-
biol. 2007; 5:343–354. doi: 10.1038/nrmicro1640 PMID: 17435790

47. Wang IN, Smith DL, Young R. Holins: the protein clocks of bacteriophage infections. Annu Rev Micro-
biol. 2000; 54:799–825. PMID: 11018145

48. Groth AC, Calos MP. Phage Integrases: Biology and Applications. J Mol Biol 2004; 335:667–678. doi:
10.1016/j.jmb.2003.09.082 PMID: 14687564

49. Lemire S, Figueroa-Bossi N, Bossi L. Bacteriophage Crosstalk: Coordination of Prophage Induction by
Trans-Acting Antirepressors. PLoS Genet. 2011; 7:e1002149. PMID: 21731505

50. Henthorn KS, Friedman DI. Identification of related genes in phages phi 80 and P22 whose products
are inhibitory for phage growth in Escherichia coli IHF mutants. J Bacteriol. 1995; 177:3185–3190.
PMID: 7768817

51. Frazee RW, Livingston DM, LaPorte DC, Lipscomb JD. Cloning, sequencing, and expression of the
Pseudomonas putida protocatechuate 3,4-dioxygenase genes. J Bacteriol. 1993; 175:6194–6202.
PMID: 8407791

52. Hatfull GF, Jacobs-Sera D, Lawrence JG, PopeWH, Russell DA, Ko CC, et al. Comparative genomic
analysis of 60 Mycobacteriophage genomes: genome clustering, gene acquisition, and gene size. J
Mol Biol. 2010; 397:119–143. doi: 10.1016/j.jmb.2010.01.011 PMID: 20064525

Induction of Mycolata Prophages

PLOS ONE | DOI:10.1371/journal.pone.0159957 August 3, 2016 11 / 11

http://dx.doi.org/10.1093/bioinformatics/btm009
http://www.ncbi.nlm.nih.gov/pubmed/17237039
http://dx.doi.org/10.1093/nar/gkh152
http://dx.doi.org/10.1093/nar/gki366
http://dx.doi.org/10.1093/protein/10.6.673
http://www.ncbi.nlm.nih.gov/pubmed/9278280
http://dx.doi.org/10.1007/s11262-013-0887-1
http://www.ncbi.nlm.nih.gov/pubmed/23381579
http://www.ncbi.nlm.nih.gov/pubmed/2614379
http://dx.doi.org/10.1371/journal.pone.0134512
http://www.ncbi.nlm.nih.gov/pubmed/26241321
http://dx.doi.org/10.1016/0043-1354(90)90234-W
http://dx.doi.org/10.1016/0043-1354(94)90049-3
http://dx.doi.org/10.1016/0043-1354(94)90049-3
http://dx.doi.org/10.1128/JB.00726-10
http://www.ncbi.nlm.nih.gov/pubmed/20870769
http://dx.doi.org/10.1093/nar/29.17.3583
http://dx.doi.org/10.1093/nar/29.17.3583
http://www.ncbi.nlm.nih.gov/pubmed/11522828
http://dx.doi.org/10.1038/nrmicro1640
http://www.ncbi.nlm.nih.gov/pubmed/17435790
http://www.ncbi.nlm.nih.gov/pubmed/11018145
http://dx.doi.org/10.1016/j.jmb.2003.09.082
http://www.ncbi.nlm.nih.gov/pubmed/14687564
http://www.ncbi.nlm.nih.gov/pubmed/21731505
http://www.ncbi.nlm.nih.gov/pubmed/7768817
http://www.ncbi.nlm.nih.gov/pubmed/8407791
http://dx.doi.org/10.1016/j.jmb.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20064525


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Dyson, ZA;Brown, TL;Farrar, B;Doyle, SR;Tucci, J;Seviour, RJ;Petrovski, S

Title:
Locating and Activating Molecular 'Time Bombs': Induction of Mycolata Prophages

Date:
2016-08-03

Citation:
Dyson, Z. A., Brown, T. L., Farrar, B., Doyle, S. R., Tucci, J., Seviour, R. J. & Petrovski, S.
(2016). Locating and Activating Molecular 'Time Bombs': Induction of Mycolata Prophages.
PLOS ONE, 11 (8), https://doi.org/10.1371/journal.pone.0159957.

Persistent Link:
http://hdl.handle.net/11343/259995

License:
CC BY

http://hdl.handle.net/11343/259995
CC%20BY

