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Abstract

Only 3% of phage genomes in NCBI nucleotide database represent phages that are active
against Streptococcus sp. With the aim to increase general awareness of phage diversity,
we isolated two bacteriophages, Str01 and Str03, active against health-threatening Group A
Streptococcus (GAS). Both phages are members of the Siphoviridae, but their analysis
revealed that Str01 and Str03 do not belong to any known genus. We identified their struc-
tural proteins based on LC-ESI29 MS/MS and list their basic thermal stability and physico-
chemical features including optimum pH. Annotated genomic sequences of the phages are
deposited in GenBank (NCBI accession numbers KY349816 and KY363359, respectively).

Introduction

Bacteria from the genus Streptococcus are well known to cause a serious healthcare burden.
Streptococcus pyogenes can cause pharyngitis, rheumatic fever, glomerulonephritis, toxic shock
syndrome (StrepTSS) and various skin infections including necrotizing fasciitis. Considered
together these conditions may be responsible globally for ~500,000 deaths each year. Another
important pathogen from the genus is Streptococcus pneumoniae. It is one of the leading causes
of child morbidity and mortality worldwide by causing pneumonia, sinusitis, otitis, meningitis,
bronchitis and febrile bacteremia [1-4]. On the other hand, members of the genus Streptococ-
cus can be a normal part of the healthy human microbiome [1, 2, 5]. Streptococci form a signif-
icant part of the skin, oral and gastrointestinal microbiota and usually are harmless for the
host. They may become pathogens, specifically in an immunodeficient host and/or by acquir-
ing virulence factors that mediate pathogenicity of this bacterial group [5-8]. Some of the
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virulence factors that mediate the transition from a commensal to pathogenic strain are carried
by temperate bacteriophages [6].

Due to the clinical significance of streptococci, viruses that infect these bacteria were inves-
tigated from the very beginning of studies on phages [9, 10]. Since then, a considerable array
of bacteriophages infecting these bacteria has been isolated. Among the isolates, siphoviruses
account for majority, but there are some podoviruses and very rare myoviruses [11-13]. Cur-
rently 3% of phage genomes in NCBI GenBank database are for Streptococcus phages. Slightly
over 26% of them are classified to the Siphoviridae family, 10% are assigned to the Podoviridae,
while the remaining 64% are unclassified [14]. Moreover, only 15 Streptococcus phages are
classified to any genus approved by the International Committee on Taxonomy of Viruses
(ICTV)—Cplvirus, P68virus, Sap6virus, Sfil Ivirus, and Sfi2ldt1virus [15-17]. These genera
soon will be renamed to Cepunavirus, Rosenblumvirus, Saphexavirus, Brussowvirus and Moi-
neauvirus, respectively [16].

Here, we present data on two novel bacteriophages specific to Streptococcus pyogenes:
vB_SpyS_Str01 and vB_SpyS_Str03. The basic physico-chemical characteristics of these phages
were determined, their genomes sequenced and annotated; and, their structural proteomes
identified by mass spectrometry.

Results and discussion

Isolation and basic characterization of two new temperate streptococcal
phages

Bacteriophages were isolated from a clinical isolate of S. pyogenes (Polish Collection of Micro-
organisms at the Hirszfeld Institute of Immunology and Experimental Therapy, Polish Acad-
emy of Sciences (PCM) (PCM accession no. 2855), from plaques on agar plates after
spontaneous release. Isolated phages were named Str01 and Str03, and were deposited in PCM
(accession numbers 595-PH and 597-PH, respectively) and used for genomic, morphological
and stability studies.

The phage host range was tested on a set of 37 clinical isolates of Group A Streptococcus
(GAS) and 34 clinical isolates of Group B Streptococcus (GBS) (S3 Table). Str01 was active on
13.5% (n = 5) of GAS strains and 3% (n = 1) of GBS. Str03 phage was active on 51% (n = 19) of
GAS and none of the GBS.

The morphology of these two phages was typical of siphoviruses and it is presented in the
Fig 1 and the particle size was measured (S4 Table). Phage Str01 has a tail that is 186 nm long
and a head which is 62 nm wide and 66 nm long. Phage Str03 has a tail that is 162 nm long and
ahead 62 x 66 nm.

The tolerance range of these two phages to pH and temperature was measured by incuba-
tion in BHI broth adjusted if necessary to selected pH and the results are shown in Tables 1
and 2.

Phage Str03 was more sensitive to freezing than Str01 (lower survival rate after five days in
-20°C and -80°C), but is more stable in low temperatures during long term storage (survival
rate 33% for Str03 versus 5% for Str01 at -80°C). Str03 shows higher sensitivity during incuba-
tion at high temperatures. After 15 min at 60°C 23% of Str03 phage particles remained biologi-
cally active in comparison to 96% of biologically active phage particles of Str01. Survival of both
phages is similar in acidic and basic pH (incubations for 1 h and 5 h). Both phages lose biologi-
cal activity after incubation in BHI broth with pH values lower than 4.0 and higher than 11.5.

Since both phages were isolated from PCM 2855 and the same strain is used as the host we
were puzzled by the apparent lack of superinfection immunity. Two possible explanations for
this situation are:
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Fig 1. Electron micrographs of phage Str01 (left) and Str03 (right). Electron micrographs of negatively stained (2%
uranyl acetate) phage Str01 (left) and Str03 (right). The scale bar represents 100 nm.

https://doi.org/10.1371/journal.pone.0205995.9001

1. Phages were present in the sample collected from the environment and infected the PCM
2855 after isolation and deposition of this strain in PCM.

2. Str01 and Str03 are prophages in the genome of PCM 2855.

The second situation would have caused problems during phage growth and in other labo-
ratory experiments. There would be a chance of contamination of Str01 samples with Str03
phage particles and vice versa by latent prophages from the host. We decided to test this
hypothesis and prove whether PCM2855 contain prophages of Str01 and Str03 or not. We ran
PCR with primers targeting phage specific sequences for both phages. We used lysogens from
the host strain and used this as positive control (bacteria with phage-specific DNA). We have
ensured that no free phage particles remained by washing bacterial cells prior to DNA extrac-
tion. This was validated by introduction of negative control (mix of E. coli cells and phage at
concentration of 10° PFU later washed using the same procedure prior to DNA extraction—
see details in Materials and Methods).

We have confirmed that currently bacterial strain PCM 2855 is free of Str01 and Str03-like
prophages. This conclusion is based mainly on the absence of Str01 and Str03 specific products
after PCR reaction with host strain genome as template (Fig 2). Also there is no Str01 and
Str03 genomes in the NGS raw data. This suggest that phages in the original sample were
acquired from environment (by chance) and not as the phage present along bacterial host that
later became deposited as PCM 2855.

We still cannot discard the second explanation completely. There is a chance that at some
point during the course of isolation strain PCM 2855 either lost Str01 and Str03 or we isolated

Table 1. Stability of phages Str01 and Str03 in various temperatures.

Phage survivability (low temp.) Phage survivability (high temp.)
phage str01 str03 phage str01 str03
temp days days temp minutes minutes
°C 5 40 180 5 40 180 °C 15 60 15 60
-80 102% 5.2% 4.9% 93% 33% 33% 40 98% 88% 100% 96%
-20 82% 2.3% 0.0% 66% 20% 0.0% 60 94% 0.0% 23% 1.0%
4 90% 11% 3.8% 85% 42% 12%
https://doi.org/10.1371/journal.pone.0205995.t001
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Table 2. Stability of phages Str01 and Str03 in various pH values.

Phage survivability (pH)
pH/time Str01 Str03
1h 5h 1h 5h
3.0 0.0% 0.0% 0.0% 0.0%
3.5 0.0% 0.0% 0.0% 0.0%
4.0 0.2% 0.0% 0.1% 0.0%
4.5 29% 21% 78% 40%
5.0 63% 38% 101% 83%
7.0 92% 83% 99% 90%
9.0 42% 20% 46% 15%
11.0 30% 6.8% 29% 11%
11.5 21% 0.0% 27% 0.6%
12.0 0.0% 0.0% 0.0% 0.0%
13.0 0.0% 0.0% 0.0% 0.0%

https://doi.org/10.1371/journal.pone.0205995.t002

low-latent or immune to superinfection immunity versions of a phage already present as pro-
phage. Such situation and possibilities were previously researched[18, 19].

Genome structure and virion composition of Str01 and Str03 phages is
typical for streptococcal siphoviruses but they carry some unusual genes

The phage genomes were sequenced with Illumina technology and each phage was assembled
into a single gapless contig supported by read mapping and PCR verification. Their basic fea-
tures are summarized in the Table 3 with more detailed information provided in S2 Table. The
genomes of two phages are linear and may be circularly permuted since no software sequence
assembly package could unambiguously delimitate their ends. Alternatively the assembly prob-
lem could be a result of Nextera library preparation method. It is known that this procedure
can hinder end determination techniques based on statistical analysis of the read arrangement
[20]. As a results the genome sequences were linearized to the presumed position of the begin-
ning of the identified gene coding the small terminase subunit prior to annotation.

We found no phage genome with a significant (>70%) similarity to the Str03 but Strepto-
coccus agalactiae strain 2603V/R (GenBank acc. no. AE009948) carries a very similar prophage
element (91.6% pairwise identity) found between residues 558,765-599,345. This relationship
is shown in Fig 3.

The general layout of the Str01 and Str03 genomes is shown in Fig 4 and follows the usual
organization of siphoviruses with a clear modular organization and synteny recognizable even
among distant relatives. One half of each genome encompasses clear-cut functional modules
connected with DNA packaging, head and tail morphogenesis and lysis of the host cell. Mod-
ule boundaries become less clear in the second part of both genomes. Nevertheless, regions
involved in integration, DNA replication and lysogeny control are distinguishable.

Phage Str01 encodes two independent holin genes. The first is a class I holin that encodes
three transmembrane helices and possesses a holin 4_1 motif (pfam05105). The product of the
second gene probably belongs to class III since only one transmembrane domain was identi-
fied at the end of the LL-H motif [18]. Similar arrangement was previously observed in case of
Streptococcus phage A25 (Fig 5) which seems to be the closest known relative of Str01 (90.6%
nucleotide identity). Interestingly, compared to the Str01 phage A25 seems to be missing ~3
regions carrying the integrase gene, XRE-family transcriptional regulator along with several
unidentified genes.
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Fig 2. Result of agarose gel electrophoresis. (A) PCR with primers targeting sequence specific for Str01 genome. (B)
PCR results with primers targeting sequence specific for Str03 genome. Each set of primers was tested with the same
set of templates isolated from (left to right): C-E. coli and phage mix as wash protocol control; L-lysogenic strain of
PCM 2855 (positive control), P-PCM 2855 host genome, 1 —phage genome Str01, 3 —phage genome Str03, 0 -no
template (negative and environmental control).

https://doi.org/10.1371/journal.pone.0205995.9002

Phage Str03 shows differences in comparison with phages with typical genome architecture.
No gene encoding a small terminase subunit (TerS) was revealed by genome annotation. Thus,
we closely examined the area adjacent to large terminase subunit where the terS gene is typi-
cally encoded. We considered that the gene might be disrupted by a mobile group I intron as
this region is occupied by HNH homing nuclease [21]. Despite careful scrutiny, involving
InterProScan, CD-Search and tBLASTn failed to reveal any trace of a TerS homologue While
unusual, this situation is not entirely unique. Several groups of tailed phages do not encode
any recognizable homologues of this protein. These includes streptococcal siphophages Dp-1,
SpSl1 and phiARI0923 [22, 23], which possess large terminase subunit closely related to that of
Str03 (Fig 6A). Full list of phages used for analysis is in S1 Table. In addition, genomes of

Table 3. Basic features of the analyzed genomes.

phage genome size (bp) GenBank Acc. no. genes GC Start codons (%) Stop codons (%) Coverage
(%)

Str01 37030 KY349816 48(+) 37.9 ATG (98.1), TAA (51.9), 906
6(-) GTG (1.9) TGA (33.3),
TAG (14.8)

Str03 32296 KY363359 43(+) 39.1 ATG (91.7), TAA (45.8), 2421
5(-) TTG (6.3), TGA (35.4),
GTG (2.1) TAG (18.8)

+/- symbols in “genes” column denote the strand of enumerated genes. Coverage values refer to the re-mapping of the reads to final PCR verified assembly (values
reported by assembly software varied between 168.6 and 2261.7 depending on the tool used and the assembled library)

https://doi.org/10.1371/journal.pone.0205995.t003
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Lactococcus phages, including c2, 4268, phiLC3 and Q54 [24] also lack any apparent TerS-cod-
ing gene. Thus, the lack of small terminase subunit in the Str03 genome may be a characteristic
feature of the group of similar and possibly related bacteriophages. Interestingly, no phage
sharing significant DNA-DNA similarity with Str03 over the whole genome length could be
found. Instead we located a number of Streptococcus agalactiae prophages sharing very similar
genome organization (and in case of most similar “LambdaSa2” prophage as much as 92.6%
identity, see Fig 3 and S1 Table)

Another distinguishing feature of Str03 genome is the presence of a toxin-antitoxin cassette
between the lysis and integration modules. The cassette is composed of a homologue of HicA
mRNA interferase and a gene for its neutralizing factor-HicB. Similar elements were reported
in streptococci but are rare in streptococcal phages [25, 26]. We propose that this cassette may
be involved in forcing the host into the genetic addiction to the lysogenic state. Antitoxins typ-
ically degrade faster than toxins so the host doesn’t survive loss of the prophage [27, 28]. For
additional information about similarity of HicA and HicB to other known proteins see SI and
S2 Figs, and S1 File.

Phage structural proteins

We identified major components of the virion for both phages. Despite the CsCl gradient puri-
fication we detected contamination with some host proteins and non-structural phage
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Fig 4. Genome organization of phages Str01 and Str03. Genome organization is shown as a linear map oriented to start at the small terminase subunit gene. Predicted
CDSs are marked with arrows colored by predicted function: DNA packaging (violet); head assembly (blue), tail assembly (aquamarine), lysis (red), integration (green)
and DNA replication (orange). CDSs with no function assigned are light grey. Genes with protein products detected by mass spectrometry are marked with the “M” or
“m” symbol (depending on the confidence level of the finding see columns 6-8 in Table 4 and Table 5). The GC content of the isolated phages differs less than 1% from
of the average of S. pyogenes and our phages follow typical features of such phages, like lack of phage-encoded tRNAs coding sequences. The genome maps were
exported using Geneious software (v 9.0.5). Minor adjustments in the resulting svg file included realignment of labels (but not labelling itself) for the improved
readability and addition of the “MS” symbols. All these adjustments were implemented using InkScape 0.91.

https://doi.org/10.1371/journal.pone.0205995.9004
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proteins. Thus, we imposed stringent ion expect and protein p-value cutoffs to filter out con-
taminating proteins. The high scoring peptides supported the presence of main capsid pro-
teins, portal proteins and a few tail components in the purified sample. Protein hits scoring
beneath the threshold are presented in the Table 4 and Table 5 labeled “Low abundance pro-
teins”. We propose that selected proteins (description in brackets) are phage structural pro-
teins: APZ81889 (tail protein); APZ81895 (major capsid protein); APZ81902 (tail protein);
APZ81903 (hypothetical protein); APZ81888 (portal protein); APZ81886 (tail tape measure
protein); APZ81875 (minor capsid protein); APZ81901 (terminal small subunit); APZ81898
(nucleotide binding protein); APZ81883 (minor capsid protein) for Str01 and APZ82143
(hypothetical protein); APZ82134 (major capsid protein); APZ82138 (tail protein); APZ82157
(hypothetical protein); APZ82135 (portal protein); APZ82143 (hypothetical protein); for
Str03. Mascot also reported the abundance of host membrane protein enolase in all samples of
phage protein. This suggests that enolase, which is a surface-exposed adhesion protein of Strep-
tococcus [29], may be a phage receptor or it may interact with proteins of studied phages in
another way. This should be verified experimentally by the future studies.

Str01 and Str03 phages cannot be assigned to any known genus

No systematic, comprehensive and comparative analysis that definitely solves the conundrum
of taxonomy of streptococcal phages has been published to date. This is likely the result of
extensive gene transfer that blurs the division between the lineages and hinders the attempts to
classify them. Perhaps, with the growing number of the sequences, clusters will finally emerge.

In an attempt to classify our phages we compiled the database of similar viruses. Then, we
constructed two phylogenomic trees based on comparisons of whole genomes and terminase
proteins of these viruses (Fig 6). On the resulting trees Str01 and Str03 failed to group with
phages classified to any known genus. The sequence of Str01 phage is however similar to the
genome of Streptococcus phage A25 which is classified as a member of the Podoviridae. The
Str03 terminase is identical to the of prophage LambdaSa in a few Streptococcus agalactiae
strains. This protein is also 95% identical to TerL from phages IPP5 (KY065449), IPP41
(KY065481), IPP42 (KY065482), IPP43 (KY065483), IPP44 (KY065484), IPP51 (KY065489),
phiARI0923 (KT337370) and SpSL1 (KM882824) while the rest of the genome is not. All of
these phages remain unclassified and their relations with other streptococcal phages are uncer-
tain. We propose that the inconsistency results from the horizontal gene transfer that impairs
clear demarcation. Despite this, the topology of the resulting trees roughly conforms to current
taxonomic scheme and clusters corresponding to known genera are recognizable. Only the
Sfi21dtlvirus (Moineauvirus) genus appears polyphyletic in the whole genome tree. To sum
up, Str01 and Str03 cannot be fitted into any genus; they are rather representatives of separate
lineages. Perhaps Str01 and Str03 phages will eventually be included into newly delineated gen-
era but this fall outside the scope of this study.
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collapsed branch of Leuconostoc phages treated collectively as the outgroup. All phylogenetic trees were visualized using Geneious tree viewer. Legend coloring and
shading were added using InkScape 0.91 software.

https://doi.org/10.1371/journal.pone.0205995.9006

Materials and methods
Isolation of new phages

Phage isolation was conducted using a liquid culture of Streptococcus pyogenes strain from Pol-
ish Collection of Microorganisms at Hirszfeld Institute of Immunology and Experimental
Therapy, Polish Academy of Sciences (PCM) was used (PCM accession no. 2855). After 18 h
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Table 4. Proteins of the phage Str01 detected by mass spectrometry.

no NCBI Identical Protein Group phage protein accession phage protein defintion score % coverage emPAI
A 1 23526059 APZ81895 major capsid protein 7931 78.1 6.35
2 92043013 APZ81902 tail protein 410 34.2 3.37
3 5668030 APZ81903 hypothetical protein 184 55.3 3.1
4 23526069 APZ81888 portal protein 769 39.0 1.7
5 92043017 APZ81889 tail protein 519 34.0 1.45
B 6 137081518 APZ81883 minor capsid protein 113 35.2 0.98
7 23526073 APZ81882 holin 150 43.2 0.94
8 14467 APZ81898 nucleotide-binding protein 135 22.1 0.91
9 23526076 APZ381901 terminase small subunit 139 18.2 0.58
10 43836092 APZ81891 N-acetylmuramoyl-L-alanine amidase 134 10.8 0.39
11 23526079 APZ81875 minor capsid protein 112 6.8 0.21
12 137081495 APZ81886 tail tape measure protein 183 4.9 0.15

Proteins are divided into ‘A’—“high abundance” and ‘B’—“low abundance” groups based on emPAI (Exponentially Modified Protein Abundance Index) parameter. Hit

proteins were filtered based on: ions significance threshold (< 1e-5), ions expect cut-off (< le-5), overall protein score (> = 100) and emPAI (> = 0.15).

https://doi.org/10.1371/journal.pone.0205995.t004

incubation in BHI broth at 37°C bacterial cultures were centrifuged (8,000 x g, 5 min) and fil-
tered through sterile filters (pore size: 0.2 um). Filtrates were used in a plaque assay on double-
layer BHI plates with the same Streptococcus pyogenes strain. Transparent plaques were
selected and reisolated from single plaques for five times. Samples were named Str01 and Str03
and they were deposited in PCM (PCM accession no. 595-PH and no. 597-PH, respectively).
Their host-range was assessed by spot-test on 33 S. pyogenes and 34 S. agalactiae strains cul-
tured on BHI plates.

Analysis of physico-chemical properties

Phage lysates were incubated (from 0°C to 60°C) or frozen (-80°C and -20°C) in BHI broth at
different temperatures to test thermal resistance of Str01 and Str03 and imitate conditions of
phage storage. Also phage samples were incubated in BHI broth at different pH values (from
pH =3.0 to pH = 13.0) for 1 h and 5 h at 37°C. The concentration of phages was measured by
dilution method (BHI plates) and compared with the concentration of the sample on the
beginning. Each incubation was performed twice with three independent samples.

Table 5. Proteins of the phage Str03 detected by mass spectrometry.

no NCBI identical protein group phage protein accesion phage protein definition score % coverage emPAI
A 1 33402471 APZ782134 major capsid protein 572 49.5 4.12

2 103367874 APZ82143 hypothetical protein 165 37.0 1.39
B 3 354622 APZ82138 tail protein 282 30.0 0.95

4 33235181 APZ82157 hypothetical protein 144 22.3 0.86

5 1244846 APZ82147 single-stranded DNA-binding protein 114 20.3 0.69

6 1184514 APZ82135 portal protein 252 15.8 0.47

7 33302180 APZ82132 N-acetylmuramoyl-L-alanine amidase 130 5.8 0.18

>

Proteins are divided into ‘A’—“high abundance” and ‘B’—“low abundance” groups based on emPAI (Exponentially Modified Protein Abundance Index) parameter. Hit

proteins were filtered based on: ions significance threshold (< 1e-5), ions expect cut-off (< le-5), overall protein score (> = 100) and emPAI (> = 0.15).

https://doi.org/10.1371/journal.pone.0205995.t005
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DNA isolation

Phage lysate (at least 10'° PFU) was concentrated by addition of NaCl (final concentration of
0.5M) and PEG 8000 (final concentration of 10% w/v) (Sigma-Aldrich). After incubation at
0°C for 16 h overnight, the samples were centrifuged (15,000 x g, 15 min, 4°C) and the pellet
was resuspended carefully in TE buffer for 3 h. MgCl,, RNase and DNase (Omega Bio-tek)
were added to 0.5 mM, 60pg/ml and 30 pg/ml, respectively and incubated for 30 min at 37°C).
Proteinase K (100 pg/ml) was added and the incubated was continued for an additional 10
min. The samples were purified GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-
Aldrich) following to manufacturer’s protocols. The DNA was precipitated with ethanol, the
pellet washed with precooled 75% ethanol, and finally air dried. The samples was resuspended
in DNase, RNase free H,0.

Sequencing and annotation of genomes of the S. pyogenes phages

The DNA sample quantity and the purity of the nucleic acid samples were assessed using a
Nanodrop spectrophotometer (Thermo Fisher Scientific) and agarose gel electrophoresis.
Prior to library preparation the concentration of the isolated DNA was rechecked using Qubit
dsDNA HS kit (Invitrogen, Life Technologies). Libraries were constructed using the Illumina
NexteraXT DNA Library Prep Kit. 5ul of normalized DNA (0.2 ng/ul per sample) was used for
the tagmentation reaction, which is a process that fragments DNA and simultaneously adds
adapter sequences to the DNA, compatible with Illumina’s indices. PCR added indices con-
taining P5/P7 adapters to make the library compatible with the flow cell. All reactions were set
up in duplicate and incubated as per the manufacturer’s instructions. Reactions were cleaned
up using AMPure XP beads (Beckman Coulter) in a concentration of 0.6X AMPureXP Beads.
Reactions were eluted with RSB (Illumina Inc., San Diego, CA, USA). Finally, size assessment
was performed using Experion Bioanalyzer (BioRad). Concentrated of amplified DNA frag-
ments were normalized to 2nM using Qubit dsDNA HS kit (high sensitivity DNA; Life Tech-
nologies). 10 pM library pool, consisting of pooled indexed samples, was loaded on the MiSeq
platform (Illumina). 150-nucleotide-long paired-end sequencing run was performed on the
MiSeq with addition of 10% spiked-in ®X-174 control DNA.

Reads were trimmed using Trimmomatic [30] and their quality was assessed with FastQC
version 0.11.3 [30] Then genomes were assembled using MIRA 4.9.5_2 [31] SPades 3.1 [32]
and Geneious 9.0.5 [33]. Independent assemblies were compared and their quality was
assessed by mapping reads back to each of them with Geneious mapping algorithm. Uncertain
or ambiguous regions were resolved by inspection of the read mapping and, if needed, by PCR
amplification and Sanger sequencing.

Protein coding genes were predicted using GeneMarkS, GeneMark hmm [34], Glimmer 3
[35], RAST [36], FGENESV (Softberry, Inc.) and Prodigal 1.20 [37]. CDSs with no overlapping
BLASTX hits (against the NCBI nr database) predicted by only a single tool were discarded.
Conflicting start codons were resolved based on RBS positions (predicted by Prodigal and by
scanning for motifs overrepresented in regions 1-20 nt upstream predicted genes with MEME
suite) as well as BLAST alignments [38]. BLASTx analysis was also used for functional annota-
tion of CDSs. Predicted coding sequences were then translated and their initial annotation was
manually re-assessed using BLASTp, InterProScan 5 and CD-Search [39-41]. tRNA genes
were predicted by tRNAscan-SE version 1.21 [42].

As no apparent physical termini could be found by examination of the read arrangement
(either manual or with PAUSE software) annotated genomes have been linearized to start with
the small terminase subunit (or in case of the Str03 in its expected position, conventional start-
ing point of Siphoviridae genomes).
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Phylogenetic analysis

To gain insight into the evolutionary history of Str01 and Str03 and determine their taxonomic
position we studied both their whole genomes and terminase proteins.

First, we compiled a set of similar genomes for phylogenetic analysis based on the results of
the BLAST analysis. Beside studied phages we included all non-redundant viral genomes from
nr/nt database that reached e-value < 1le-25 in either BLASTn search with both genomes as a
query or tBLASTn search with Str01 and Str03 terminases as a protein query.

After the curation of a compiled set we performed whole genome comparison of all
included phages using Gegenees 2.2.1 with used “accurate” BLASTn settings (the tool global
similarity between pairs of sequences based on BLAST local alignments). The resulting similar-
ity matrix was used to construct Neighbor Joining phylograms with SplitsTree 4.14.1 (www.
splitstree.org/). The BLAST search, CD-Search and manual curation was required to locate all
terminase genes (S1 and S2 Tables). We aligned them using ClustalW (default parameters)
and refined the alignments using MUSCLE. Suitability of protein evolution models was
assessed with ProtTest 3.4 [27]. The chosen model (WAG+G) was used to calculate approxi-
mately maximum-likelihood dendrogram with FastTree 2.1.7 [28].

Analysis of the phage proteins

Remains of unlysed bacteria were removed from the lysates by centrifugation and the phage
was concentrated by PEG precipitation (0.5 M NaCl and 10% PEG). After incubation on ice
overnight (18 h) samples were centrifuged (15,000 x g, 15 min, 4°C). Supernatant was dis-
carded and the pellets resuspended in TE buffer. Any undissolved particulates were removed
by centrifugation (3000 x g, 10 min, 4°C). The supernatant was dialyzed into SM buffer (100
mM NaCl, 10 mM MgSO4, 50 mM Tris-HCI, pH 7.5). Cesium chloride (0.75 g/ml) was added
to prepare the sample for density gradient centrifugation. The mixture was centrifuged for 24
h in 155,000 x g at 4°C. Phage-containing band that formed was carefully collected and dia-
lyzed at for 24 h against SM buffer supplemented with 1 M NaCl (final concentration). After
additional round of dialysis against standard SM buffer (3 h in room temperature) phage sus-
pension was filtered-sterilized (0.22 pm pore size; Millipore). Sterilized sample was mixed with
methanol and chloroform (1:1:0.75 by volume). The aqueous phase was separated from
organic solvents by centrifugation and discarded. Equal volume of methanol was added to the
remaining organic fraction and interface precipitate, then protein was collected by centrifuga-
tion at 21,500 x g at 4°C. The pellet was dried, suspended in Laemmli sample buffer (4% SDS,
20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue and 0.125 M Tris.HCI, pH
6.8) and resolved on 12% polyacrylamide gel.

Then, resolved proteins were analyzed by LC-ESI-MS/MS analysis conducted in Mass
Spectrometry Laboratory, Institute of Biochemistry and Biophysics, PAS, Warsaw, Poland.
The whole lane was treated with trypsin and released peptide mixture was analyzed using
Thermo Orbitrap Elite coupled with Thermo EASY-nLC 1000.

Lysogen isolation and prophage testing (PCR)

Lysogens were obtained by pouring increasing 10-fold dilution of the phage onto the lawn of
the host bacteria. After one day we checked for clear (transparent) plaques and after another
two days we checked for opaque bacteria lawn inside of previously transparent plaques (so
called 'mesa’). We streak the cells onto fresh plates and isolated 3 colonies after 24h incubation.
We streak them again and isolated two other colonies from each sample.

Wash protocol was introduced in order to remove any present free-floating phage particles.
Bacteria (designed for template in PCR) were harvested and washed by suspending cells in

PLOS ONE | https://doi.org/10.1371/journal.pone.0205995 October 19, 2018 11/15


http://www.splitstree.org/
http://www.splitstree.org/
https://doi.org/10.1371/journal.pone.0205995

®PLOS | one

Genomes, morphology and stability of two novel Streptococcus phages

PBS (50ml) and unwanted debris were removed by centrifugation (8000g, 5min, 4°C). This
wash step was repeated 8 consecutive times to remove any free phage particles from the sam-
ple. Bacterial template was obtained by heating the sample resuspended in PBS at 99°C for
10min and further 100 fold dilution. This wash protocol was evaluated by introduction of a
negative control that consist of DNA isolated from specially prepared sample. 10ml of over-
night culture of E. coli BL21 (as non-host strain) and the phage (10A6 CFU) were thoroughly
mixed and washed as in mentioned above protocol.

PCR reaction consisted of two negative controls (0 ~without added template and C-mix of
E. coli and a phage as wash protocol negative control), positive control (L-lysogen strain of
PCM 2855 and the phage) and—two specificity controls (1, 3—purified genomes of Str01 and
Str03 respectively). Two set of primers were tested: one specific against Str01 phage (TGCGGAC
ACTGACAAAATTTTTGG and GGGGGATAAAAATGAATGAAACGCT) and the second one spe-
cific against Str03 phage (TACTCTGATCATTGGCTTAATCTAAT and GCTTGGCAGTGTGACA
GTCTTG).

Supporting information

S1 Table. Database records used in this study. Accession numbers of all phages genomes and
terminase proteins used in Fig 6.
(XLSX)

S2 Table. Genes of novel S. pyogenes phages. First two sheets sum up predicted CDSs, their
protein products and data used during their annotation (BLAST hits and InterProScan
domains). The third tab shows the information on putative Shine-Dalgarno sequences found
upstream the genes. Models of Shine-Dalgarno sites were calculated using the MEME (as a
most significantly overrepresented 6-8 bp long motifs in regions 4-16 bp upstream of the each
phage genes). Occurrences of these motif were located using FIMO. The workbook contains
annotated DNA and protein sequences in gff and GenBank format (embedded in the relevant
tabs of the xmlx file).

(XLSX)

$3 Table. Host range test results (+ turbid plaques, ++ almost opaque plaques, +++ opaque
plaques). Results of host range experiment. Lysis was checked after incubation of bacterial
strain with bacteriophage on agar plates. Susceptibility was determined in comparison of sam-
ples with agar plate with resistant bacterial strain and plate with phage host without added
phage.

(XLSX)

S4 Table. Results of bacteriophage particle size measurements. EM photographs with scale
bars were measured. Only undamaged virion particles filled with DNA were measured.
(XLSX)

S1 Fig. Approximate maximum likelihood tree of HicA proteins related to Str03 HicA
toxin. The Str03 homologue is marked with the red arrow. Sequences were aligned using Clus-
talW plugin from the Geneious suite, the FastTree plugin was used to construct the tree and
Geneious Tree Viewer was used to export the figure. To improve the readability we visualized
only the subtree representing a major branch including Str03 sequence.

(PDF)

S2 Fig. Approximate maximum likelihood tree of HicB proteins related to Str03 HicA anti-
toxin. The Str03 homologue is marked with the red arrow. Sequences were aligned using Clus-
talW plugin from the Geneious suite, the FastTree plugin was used to construct the tree and
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Geneious Tree Viewer was used to export the figure. To improve the readability we visualized
only the subtree representing a major branch including Str03 sequence.
(PDF)

S1 File. Zip archive with complete tree files used to generate S1 and S2 Figs (in PHYLIP
format).
(PHY)

Acknowledgments

This work was supported by the National Science Centre in Poland grant no. UMO-2015/18/
M/NZ6/00412.

Author Contributions
Conceptualization: Marek Harhala, Krystyna Dabrowska.
Data curation: Marek Harhala, Jakub Barylski, Andrew M. Kropinski, Krystyna Dabrowska.

Formal analysis: Marek Harhala, Jakub Barylski, Andrew M. Kropinski, Grzegorz Nowicki,
Krystyna Dabrowska.

Funding acquisition: Jacek Wojciechowicz, Krystyna Dabrowska.

Investigation: Marek Harhala, Jakub Barylski, Kinga Huminska-Lisowska, Dorota Lecion,
Jacek Wojciechowicz, Sylwia Nowak, Grzegorz Nowicki, Katarzyna Hodyra-Stefaniak.

Methodology: Marek Harhala, Jakub Barylski, Kinga Huminska-Lisowska, Dorota Lecion,
Karolina Lahutta, Marta Ku$, Andrew M. Kropinski, Sylwia Nowak, Grzegorz Nowicki,
Katarzyna Hodyra-Stefaniak.

Project administration: Marek Harhala, Krystyna Dagbrowska.

Resources: Marek Harhala, Jakub Barylski, Dorota Lecion, Karolina Lahutta, Marta Kus, Krys-
tyna Dabrowska.

Software: Marek Harhala, Jakub Barylski.
Supervision: Jakub Barylski, Andrew M. Kropinski, Krystyna Dabrowska.

Validation: Marek Harhala, Jakub Barylski, Karolina Lahutta, Marta Kus, Andrew M. Kro-
pinski, Krystyna Dabrowska.

Visualization: Marek Harhala, Jakub Barylski.
Writing - original draft: Marek Harhala, Jakub Barylski.

Writing - review & editing: Marek Harhala, Jakub Barylski, Andrew M. Kropinski, Krystyna
Dabrowska.

References

1. Carapetis JR, Steer AC, Mulholland EK, Weber M. The global burden of group A streptococcal dis-
eases. Lancet Infect Dis. 2005; 5(11):685-94. https://doi.org/10.1016/S1473-3099(05)70267-X PMID:
16253886

2. Ralph AP, Carapetis JR. Group a streptococcal diseases and their global burden. Curr Top Microbiol
Immunol. 2013; 368:1-27. https://doi.org/10.1007/82_2012_280 PMID: 23242849

3. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global and regional mortality
from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global

PLOS ONE | https://doi.org/10.1371/journal.pone.0205995 October 19, 2018 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205995.s007
https://doi.org/10.1016/S1473-3099(05)70267-X
http://www.ncbi.nlm.nih.gov/pubmed/16253886
https://doi.org/10.1007/82_2012_280
http://www.ncbi.nlm.nih.gov/pubmed/23242849
https://doi.org/10.1371/journal.pone.0205995

®PLOS | one

Genomes, morphology and stability of two novel Streptococcus phages

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Burden of Disease Study 2010. Lancet. 2012; 380(9859):2095-128. https://doi.org/10.1016/S0140-
6736(12)61728-0 PMID: 23245604

LiuL, Oza S, Hogan D, Perin J, Rudan I, Lawn JE, et al. Global, regional, and national causes of child
mortality in 2000—13, with projections to inform post-2015 priorities: an updated systematic analysis.
Lancet. 2015; 385(9966):430—40. https://doi.org/10.1016/S0140-6736(14)61698-6 PMID: 25280870

Lloyd-Price J, Abu-Ali G, Huttenhower C. The healthy human microbiome. Genome Med. 2016; 8
(1):51. https://doi.org/10.1186/s13073-016-0307-y PMID: 27122046

Boyd EF, Brussow H. Common themes among bacteriophage-encoded virulence factors and diversity
among the bacteriophages involved. Trends Microbiol. 2002; 10(11):521-9. PMID: 12419617

Human Microbiome Project C. Structure, function and diversity of the healthy human microbiome.
Nature. 2012; 486(7402):207—14. https://doi.org/10.1038/nature11234 PMID: 22699609

Oh J, Byrd AL, Park M, Program NCS, Kong HH, Segre JA. Temporal Stability of the Human Skin Micro-
biome. Cell. 2016; 165(4):854—66. https://doi.org/10.1016/j.cell.2016.04.008 PMID: 27153496

Clark PF, Clark AS. A Bacteriophage Active Against a Virulent Hemolytic Streptococcus. Exp Biol Med
(Maywood). 1927; 24(7):635-9.

Whitehead HR, Cox GA. The occurrence of bacteriophage in cultures of lactic streptococci: A prelimi-
nary note. Dairy Research Institute New Zealand, Government Printer. 1935; 63.

McShan WM, Nguyen SV. The Bacteriophages of Streptococcus pyogenes. In: Ferretti JJ, Stevens DL,
Fischetti VA, editors. Streptococcus pyogenes: Basic Biology to Clinical Manifestations. The University
of Oklahoma Health Sciences Center, Oklahoma, OK, USA2016.

Mahony J, van Sinderen D. Current taxonomy of phages infecting lactic acid bacteria. Front Microbiol.
2014; 5:7. https://doi.org/10.3389/fmicb.2014.00007 PMID: 24478767

Diaz E, Lopez R, Garcia JL. EJ-1, a temperate bacteriophage of Streptococcus pneumoniae with a
Myoviridae morphotype. J Bacteriol. 1992; 174(17):5516-25. PMID: 1355083

Coordinators NR. Database resources of the National Center for Biotechnology Information. Nucleic
Acids Res. 2018; 46(D1):D8-D13. https://doi.org/10.1093/nar/gkx1095 PMID: 29140470

Adriaenssens EM, Krupovic M, Knezevic P, Ackermann H-W, Barylski J, Brister JR, et al. Taxonomy of
prokaryotic viruses: 2016 update from the ICTV bacterial and archaeal viruses subcommittee. Arch
Virol. 2017; 162(4):1153-7. https://doi.org/10.1007/s00705-016-3173-4 PMID: 28040838

Adriaenssens EM, Wittmann J, Kuhn JH, Turner D, Sullivan MB, Dutilh BE, et al. Taxonomy of prokary-
otic viruses: 2017 update from the ICTV Bacterial and Archaeal Viruses Subcommittee. Arch Virol.
2018; 163(4):1125-9. https://doi.org/10.1007/s00705-018-3723-z PMID: 29356990

Krupovic M, Dutilh BE, Adriaenssens EM, Wittmann J, Vogensen FK, Sullivan MB, et al. Taxonomy of
prokaryotic viruses: update from the ICTV bacterial and archaeal viruses subcommittee. Archives of
virology. 2016; 161(4):1095-9. https://doi.org/10.1007/s00705-015-2728-0 PMID: 26733293

Berngruber TW, Weissing FJ, Gandon S. Inhibition of superinfection and the evolution of viral latency. J
Virology. 2010; 84(19):10200-8. https://doi.org/10.1128/JVI.00865-10 PMID: 20660193

Bailone A., and Devoret R. 1978. Isolation of ultra-virulent mutants of phage lambda. Virology 84:547—
550 PMID: 341501

Wang IN, Smith DL, Young R. Holins: the protein clocks of bacteriophage infections. Annu Rev Micro-
biol. 2000; 54:799-825. https://doi.org/10.1146/annurev.micro.54.1.799 PMID: 11018145

Lavigne R, Vandersteegen K. Group | introns in Staphylococcus bacteriophages. Future Virology.
2013; 8(10):997-1005.

Sabri M, Hauser R, Ouellette M, Liu J, Dehbi M, Moeck G, et al. Genome annotation and intraviral inter-
actome for the Streptococcus pneumoniae virulent phage Dp-1. J Bacteriol. 2011; 193(2):551-62.
https://doi.org/10.1128/JB.01117-10 PMID: 21097633

Croucher NJ, Mostowy R, Wymant C, Turner P, Bentley SD, Fraser C. Horizontal DNA Transfer Mecha-
nisms of Bacteria as Weapons of Intragenomic Conflict. PLoS Biol. 2016; 14(3):e1002394. https://doi.
org/10.1371/journal.pbio. 1002394 PMID: 26934590

Fortier LC, Bransi A, Moineau S. Genome sequence and global gene expression of Q54, a new phage
species linking the 936 and c2 phage species of Lactococcus lactis. J Bacteriol. 2006; 188(17):6101—
14. https://doi.org/10.1128/JB.00581-06 PMID: 16923877

Chan WT, Moreno-Cordoba |, Yeo CC, Espinosa M. Toxin-antitoxin genes of the Gram-positive patho-
gen Streptococcus pneumoniae: so few and yet so many. Microbiol Mol Biol Rev. 2012; 76(4):773-91.
https://doi.org/10.1128/MMBR.00030-12 PMID: 23204366

Tang F, Bossers A, Harders F, Lu C, Smith H. Comparative genomic analysis of twelve Streptococcus
suis (pro)phages. Genomics. 2013; 101(6):336—44. https://doi.org/10.1016/j.ygeno.2013.04.005 PMID:
23587535

PLOS ONE | https://doi.org/10.1371/journal.pone.0205995 October 19, 2018 14/15


https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1016/S0140-6736(12)61728-0
http://www.ncbi.nlm.nih.gov/pubmed/23245604
https://doi.org/10.1016/S0140-6736(14)61698-6
http://www.ncbi.nlm.nih.gov/pubmed/25280870
https://doi.org/10.1186/s13073-016-0307-y
http://www.ncbi.nlm.nih.gov/pubmed/27122046
http://www.ncbi.nlm.nih.gov/pubmed/12419617
https://doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
https://doi.org/10.1016/j.cell.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27153496
https://doi.org/10.3389/fmicb.2014.00007
http://www.ncbi.nlm.nih.gov/pubmed/24478767
http://www.ncbi.nlm.nih.gov/pubmed/1355083
https://doi.org/10.1093/nar/gkx1095
http://www.ncbi.nlm.nih.gov/pubmed/29140470
https://doi.org/10.1007/s00705-016-3173-4
http://www.ncbi.nlm.nih.gov/pubmed/28040838
https://doi.org/10.1007/s00705-018-3723-z
http://www.ncbi.nlm.nih.gov/pubmed/29356990
https://doi.org/10.1007/s00705-015-2728-0
http://www.ncbi.nlm.nih.gov/pubmed/26733293
https://doi.org/10.1128/JVI.00865-10
http://www.ncbi.nlm.nih.gov/pubmed/20660193
http://www.ncbi.nlm.nih.gov/pubmed/341501
https://doi.org/10.1146/annurev.micro.54.1.799
http://www.ncbi.nlm.nih.gov/pubmed/11018145
https://doi.org/10.1128/JB.01117-10
http://www.ncbi.nlm.nih.gov/pubmed/21097633
https://doi.org/10.1371/journal.pbio.1002394
https://doi.org/10.1371/journal.pbio.1002394
http://www.ncbi.nlm.nih.gov/pubmed/26934590
https://doi.org/10.1128/JB.00581-06
http://www.ncbi.nlm.nih.gov/pubmed/16923877
https://doi.org/10.1128/MMBR.00030-12
http://www.ncbi.nlm.nih.gov/pubmed/23204366
https://doi.org/10.1016/j.ygeno.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23587535
https://doi.org/10.1371/journal.pone.0205995

®PLOS | one

Genomes, morphology and stability of two novel Streptococcus phages

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

Jorgensen MG, Pandey DP, Jaskolska M, Gerdes K. HicA of Escherichia coli defines a novel family of
translation-independent mRNA interferases in bacteria and archaea. J Bacteriol. 2009; 191(4):1191-9.
https://doi.org/10.1128/JB.01013-08 PMID: 19060138

Unterholzner SJ, Poppenberger B, Rozhon W. Toxin-antitoxin systems: Biology, identification, and
application. Mob Genet Elements. 2013; 3(5):€26219. https://doi.org/10.4161/mge.26219 PMID:
24251069

Bergmann S, Rohde M, Chhatwal GS, Hammerschmidt S. alpha-Enolase of Streptococcus pneumo-
niae is a plasmin(ogen)-binding protein displayed on the bacterial cell surface. Mol Microbiol. 2001; 40
(6):1273-87. PMID: 11442827

Joshi N, Fass J. Sickle: A sliding-window, adaptive, quality-based trimming tool for FastQ files.2011.
https://github.com/najoshi/sickle

Andrews S. FastQC: a quality control tool for high throughput sequence data. 2010. https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing. J Comput Biol. 2012; 19(5):455-77.
https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28(12):1647-9. https://doi.org/10.1093/bioinformatics/bts199 PMID: 22543367

Besemer J, Borodovsky M. GeneMark: web software for gene finding in prokaryotes, eukaryotes and
viruses. Nucleic Acids Res. 2005; 33(Web Server issue):W451—-4. https://doi.org/10.1093/nar/gki487
PMID: 15980510

Delcher AL, Bratke KA, Powers EC, Salzberg SL. Identifying bacterial genes and endosymbiont DNA
with Glimmer. Bioinformatics. 2007; 23(6):673-9. https://doi.org/10.1093/bioinformatics/btm009 PMID:
17237039

Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, et al. The SEED and the Rapid Annota-
tion of microbial genomes using Subsystems Technology (RAST). Nucleic Acids Res. 2014; 42(Data-
base issue):D206—14. https://doi.org/10.1093/nar/gkt1226 PMID: 24293654

Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: prokaryotic gene recogni-
tion and translation initiation site identification. BMC Bioinformatics. 2010; 11:119. https://doi.org/10.
1186/1471-2105-11-119 PMID: 20211023

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs. Nucleic Acids Res. 1997; 25
(17):3389-402. PMID: 9254694

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215(3):403-10. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

Marchler-Bauer A, Bryant SH. CD-Search: protein domain annotations on the fly. Nucleic Acids Res.
2004; 32(Web Server issue):W327-31. https://doi.org/10.1093/nar/gkh454 PMID: 15215404

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterProScan 5: genome-scale protein
function classification. Bioinformatics. 2014; 30(9):1236—40. https://doi.org/10.1093/bioinformatics/
btu031 PMID: 24451626

Lowe TM, Chan PP. tRNAscan-SE On-line: integrating search and context for analysis of transfer RNA
genes. Nucleic Acids Res. 2016; 44(W1):W54—7. https://doi.org/10.1093/nar/gkw413 PMID: 27174935

PLOS ONE | https://doi.org/10.1371/journal.pone.0205995 October 19, 2018 15/15


https://doi.org/10.1128/JB.01013-08
http://www.ncbi.nlm.nih.gov/pubmed/19060138
https://doi.org/10.4161/mge.26219
http://www.ncbi.nlm.nih.gov/pubmed/24251069
http://www.ncbi.nlm.nih.gov/pubmed/11442827
https://github.com/najoshi/sickle
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
https://doi.org/10.1093/nar/gki487
http://www.ncbi.nlm.nih.gov/pubmed/15980510
https://doi.org/10.1093/bioinformatics/btm009
http://www.ncbi.nlm.nih.gov/pubmed/17237039
https://doi.org/10.1093/nar/gkt1226
http://www.ncbi.nlm.nih.gov/pubmed/24293654
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
http://www.ncbi.nlm.nih.gov/pubmed/20211023
http://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1093/nar/gkh454
http://www.ncbi.nlm.nih.gov/pubmed/15215404
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/bioinformatics/btu031
http://www.ncbi.nlm.nih.gov/pubmed/24451626
https://doi.org/10.1093/nar/gkw413
http://www.ncbi.nlm.nih.gov/pubmed/27174935
https://doi.org/10.1371/journal.pone.0205995

