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Abstract
Campylobacter phage vB_CjeM_Los1 was recently isolated from a slaughterhouse in the Republic of Ireland using the 
host Campylobacter jejuni subsp. jejuni PT14, and full-genome sequencing and annotation were performed. The genome 
was found to be 134,073 bp in length and to contain 169 predicted open reading frames. Transmission electron microscopy 
images of vB_CjeM_Los1 revealed that it belongs to the family Myoviridae, with tail fibres observed in both extended and 
folded conformations, as seen in T4. The genome size and morphology of vB_CjeM_Los1 suggest that it belongs to the genus 
Cp8virus, and seven other Campylobacter phages with similar size characteristics have also been fully sequenced. In this 
work, comparative studies were performed in relation to genomic rearrangements and conservation within each of the eight 
genomes. None of the eight genomes were found to have undergone internal rearrangements, and their sequences retained 
more than 98% identity with one another despite the widespread geographical distribution of each phage. Whole-genome 
phylogenetics were also performed, and clades were shown to be representative of the differing number of tRNAs present 
in each phage. This may be an indication of lineages within the genus, despite their striking homology.

Introduction

Campylobacter jejuni is a Gram-negative microaerophilic 
human pathogen that is commonly found in the intestinal 
tracts of poultry. It is the number one bacterial cause of 
gastroenteritis in Europe, and in 2004, campylobacteriosis 
became a notifiable disease in Ireland [1]. Infection with C. 
jejuni (90% of campylobacteriosis cases) typically occurs 
through the improper handling of broiler meat; however, 
ingestion of lettuce and takeaway foods have also been 
identified as risk factors for contracting the disease [2]. It is 
estimated that 9.3 million cases of Campylobacter infection 
occur in Europe every year, with annual costs of approxi-
mately €2.4 billion [3]. Due to the self-limiting nature of 
the disease, many cases may go unreported, and therefore 
the actual incidence rates may be much higher. Since the 
implementation of mandatory reporting for Campylobacter 
infections in 2004, the Irish incidence rates have seen an 
overall increase [4].

In 2008, the European Food Safety Authority (EFSA) car-
ried out an EU-wide survey on broiler carcasses and found 
an 83.1% presence of Campylobacter in 394 Irish broilers 
analysed, which was above the European average of 71.2% 
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[5]. Current methods of Campylobacter reduction in broiler 
houses include strict biosecurity with the presence of fly 
screens to eliminate contamination from external sources, 
thorough cleaning of the broiler house in between flocks 
and reduction of the slaughter age [3]. Antibiotics used in 
broiler houses to reduce Campylobacter colonisation have 
included fluoroquinolones, which were primarily licenced 
for use in poultry in Spain in 1986 and, subsequently, world-
wide. However, the reported emergence of Campylobacter 
resistance to such antibiotics has become a concern, as cip-
rofloxacin is one of the most commonly prescribed antibiot-
ics in the case of serious campylobacteriosis in humans [6].

In recent years, bacteriophages have been proposed as 
a promising biocontrol measure for Campylobacter, and 
hence, significant research effort has been focussed on its 
phages. Virulent phages offer many advantages over antibi-
otics when attempting to eliminate bacteria from a surface, 
or even from a human or animal host. They are auto-dosing, 
in that phages, when administered as a single dose, will 
propagate in the presence of their bacterial host and generate 
new virus particles to continue to reduce the number of bac-
teria. Phages are generally specific for one bacterial species 
or even particular strains and so do not have the capability 
to diminish the microflora of a host, potentially leading to 
the establishment of opportunistic infections [7]. They are 
non-toxic, unlike some antibiotics, and they also have the 
capability to penetrate through bacterial biofilms, such as 
the ones produced by members of the genus Campylobac-
ter [8, 9]. It is estimated that phages are the most abundant 
biological systems on the planet, and the number of phage 
particles may exceed  1031 [10]. Phages are typically found 
in their host environment, with reports of Campylobacter 
phage isolation from poultry and duck intestinal samples, 
abattoirs, poultry faeces and retail chicken [11–13].

Information collected on lytic Campylobacter phages 
from the National Collection of Type Cultures (NCTC, UK) 
has previously allowed these to be designated into groups 
based on characteristics determined by transmission elec-
tron microscopy (TEM) and pulsed field gel electrophoresis 
(PFGE) [14]. Further group characteristics have come to 
light in recent years, such as isolation frequency and bacte-
rial defects associated with phage resistance (Table 1). These 
phages all belong to the family Myoviridae and contain 

genomic dsDNA. More recently, Javed et al. proposed an 
updated classification system, including the former group II 
phages in the genus Cp220likevirus, and the former group 
III phages in the genus Cp8unalikevirus, both within the 
subfamily Eucampyvirinae [15]. The International Commit-
tee on Taxonomy of Viruses’ (ICTV) 2016 Virus Taxonomy 
Release officially renamed these genera “Cp220virus” and 
“Cp8virus”, respectively, using Campylobacter virus CP81 
as the Cp8virus type species [16].

Many in vitro and in vivo trials have been conducted to 
evaluate the efficacy of phages in the reduction of viable C. 
jejuni. It is estimated that reducing the numbers of Campy-
lobacter cells in the intestines of broiler birds at slaughter 
by 3  log10 units could result in a 90% decrease in disease 
risk in humans. A 1  log10 unit reduction of Campylobac-
ter cell numbers on broiler carcasses post-slaughter could 
result in a 50-90% risk reduction [3]. A study undertaken 
by Loc-Carrillo et al. determined that oral administration 
of Cp8viruses CP8 and CP34 in broilers could reduce fae-
cal Campylobacter counts by up to 5  log10 CFU per g of 
cecal contents, and Campylobacter-contaminated chicken 
skin showed a reduction of approximately 1.2  log10 units 
when challenged with phage NCTC 12673 in comparison to 
a phage-free control [20, 23]. Here, we detail the bioinfor-
matics analysis of the first fully sequenced Campylobacter 
phage isolated in the Republic of Ireland with comparative 
genomics of other fully sequenced Campylobacter phage of 
similar morphological descriptions and genome size.

Materials and methods

Phage isolation

Campylobacter jejuni subsp. jejuni PT14 (hereafter C. 
jejuni PT14) was used in this study due to its extensive 
characterisation and previous success in Campylobac-
ter phage isolation [24]. C. jejuni PT14 was cultured on 
Blood-Free Campylobacter Selectivity Agar Base (Sigma 
Aldrich, UK) and incubated at 42 °C microaerophilically 
(Campygen Gas Generating Systems, Oxoid) for 24-48 h. 
The bacteria were then harvested into NZCYM broth 
(Sigma Aldrich, UK) prior to further use. Poultry faecal 

Table 1  Group characteristics of Campylobacter phages

Group [14] ICTV taxonomy (genus) [16] Approx. 
genome size 
(kbp)

Average head 
diameter (nm) 
[14]

Isolation frequencies of 
Campylobacter phages [11, 13, 
17–21]

Bacterial modifications associ-
ated with phage resistance [22]

I No current classification 320 143 Rare. Only two known isolates Motility defects
II Cp220virus 180 83–99 Uncommon Motility defects
III Cp8virus 140 100 Frequent Capsular polysaccharide (CPS) 

modifications
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samples, acquired from Shannonvale Foods Ltd., Cork, 
were diluted 1:10 with SM buffer (100 mM NaCl, 8 mM 
 MgSO4∙7H2O, 50 mM Tris-HCl, pH 7.5) and placed on a 
shaking platform overnight at room temperature. The sam-
ples were then centrifuged at 4500 g for 30 min, and the 
supernatant was filtered through 0.22-μm filter units. An 
enrichment step was included to isolate well-propagating 
phages. To approximately 10 ml of NZCYM broth, 3-4 ml 
of sample supernatant, 1 ml of C. jejuni PT14 suspen-
sion and 50 mM  CaCl2 were added. These were incubated 
microaerophilically at 42 °C for 48 h on a shaking plat-
form and then centrifuged and filtered as above. NZCYM 
overlays (0.4% agarose) were prepared and kept molten 
at 45 °C. Decimal dilutions of the enriched samples were 
prepared in SM buffer. Four hundred μl of C. jejuni PT14 
suspension and 50 mM  CaCl2 was added to each overlay, 
followed by 100 μl of each decimal dilution. The overlays 
were poured onto Anaerobe Basal Agar (Oxoid), allowed 
to set, and incubated microaerophilically for 24-48 h at 
42 °C before inspection for plaque formation.

Phage propagation, lytic spectrum analysis 
and adsorption tests

Visible plaques were removed from the overlay and placed 
into SM buffer, which was subsequently filter-sterilised 
and serially diluted. Four hundred μl of C. jejuni PT14 
suspension and 50  mM  CaCl2 were added to molten 
NZCYM overlays, followed by 100 μl of each decimal 
dilution. The overlays were poured onto Anaerobe Basal 
Agar, allowed to set, and incubated microaerophilically 
for 24-48 h at 42 °C. This procedure was performed in 
triplicate to purify the phage. To propagate the phage, 
multiple overlays were prepared containing 400 μl of C. 
jejuni PT14 suspension, 50 mM  CaCl2 and a phage titre 
sufficient to produce confluent lysis after incubation. To 
harvest the phage (hereafter named Los1), 4 ml of SM 
buffer was poured onto each overlay and the plates were 
placed on a shaking platform for 2 h. The SM buffer was 
then removed from each plate and filtered with 0.22-μm 
filter units, and the titre (plaque forming units [PFU]/ml) 
was determined by plaque assay. The lytic spectrum of 
the phage was investigated by performing plaque assays 
of the phage on a lawn of C. jejuni and C. coli isolates. 
To monitor phage adsorption, C. jejuni PT14 and phage 
Los1 were combined at a multiplicity of infection (MOI) 
of 0.0025 in NZCYM broth prewarmed to 42 °C. Aliquots 
were removed initially (in triplicate) and filtered. Aliquots 
were then taken for membrane filtration every 5 min for 
20 min. Plaque assays were performed as described previ-
ously to enumerate unadsorbed phage. The experiment was 
performed in triplicate.

Transmission electron microscopy (TEM)

For TEM analysis, Los1 was propagated to a titre of  108 
PFU/ml as described above and treated overnight with 15% 
polyethylene glycol (PEG) 8000 at 4 °C. This was then cen-
trifuged at 5000g for 1 h, the supernatant was discarded, 
and the pellet was resuspended in 5 ml of SM buffer. The 
residual PEG was removed by adding an equal volume of 
chloroform and centrifuging for 5 min at 10,000 g. The 
aqueous phase was removed and used for negative staining 
of phages with 1% (w/v) uranyl acetate and with 1% w/v) 
ammonium molybdate on ultra-thin carbon films. The speci-
men was subsequently picked up with 400 mesh grids and 
used for transmission electron microscopy (Tecnai 10, FEI 
Thermo Fisher Scientific, The Netherlands) at an accelera-
tion voltage of 80 kV.

Phage DNA sequencing and bioinformatics analysis 
of Los1

Phenol extractions were initially used to extract phage 
DNA from high-titre phage suspensions. However, the 
DNA yield and purity were too low to be deemed accept-
able for sequencing. This correlates with the findings 
of Aruntyunov et al., who observed that the majority of 
Campylobacter phage NCTC1673 DNA remained in the 
phenol phase during extractions due to protein-bound 
DNA [25]. As an alternative approach, the Wizard® DNA 
Clean-Up System (Promega) was used to extract the phage 
DNA from a Los1 suspension treated overnight with 10 
U of DNase and 10 μg of RNase A at 37 °C. Four ml of 
resin was mixed with the phage suspension, the mixture 
was passaged through the binding column, and the filtrate 
was discarded. The column was washed twice with 80% 
isopropyl alcohol (IPA) and centrifuged at 20,000g for 
5 min to remove residual IPA. Nuclease-free water was 
heated to 90 °C and added to the column, which was then 
centrifuged at 20,000g to elute the phage DNA. Whole-
genome sequencing of the phage DNA was performed 
using the Illumina platform, and reads were assembled 
using SPAdes v. 3.5.0 [26]. Open Reading Frames (ORFs) 
were predicted using GLIMMER v.3.02 [27] and Prodi-
gal v.1.20 [28]. A putative function was assigned to each 
ORF based on BLASTP analysis at NCBI (http://www.
ncbi.nlm.nih.gov/) and Pfam matches (EMBL-EBI) [29] 
with an e-value cutoff of 1.0. The programme Snapgene 
Viewer (GSL Biotech; available at www.snapg ene.com) 
allowed for construction and visualisation of the genome 
map. TMHMM Server v.2.0 (http://www.cbs.dtu.dk/
servi ces/TMHMM /) was used to predict transmembrane 
regions, and putative signal peptide cleavage sites were 
determined using the SignalP 4.1 server [30]. The pres-
ence of inteins was investigated by aligning each ORF 

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.snapgene.com
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
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against the intein database, InBase (http://tools .neb.
com/~vincz e/blast /index .php?blast db=inbas e, no longer 
supported by NEB Biolabs) with a maximum e-value 
of 1.0. To align recurring motifs in the phage genome 
and identify ribosomal binding sites, 100-bp upstream 
regions of each ORF were analysed by MEME Suite v. 
4.11.2, using MEME Motif Discovery [31]. tRNAscan 
SE v.1.21 (Eddy lab) [32] was used to identify phage 
tRNA, searching with tRNAscan and EufindtRNA with 
strict and relaxed (INT cutoff = -32.1) parameters, respec-
tively. Codon usage frequencies for Los1 and a C. jejuni 
type strain (subsp. jejuni NCTC 11168) were generated 
using the codon usage finder Kazusa (available at http://
www.kazus a.or.jp/codon /), and these were compared in 
frequency/1000, taking into consideration the tRNAs pre-
sent in both genomes. Using BLASTP matches for the 
large terminase protein subunit, sequences were aligned 
using MUSCLE, and a maximum-likelihood phylogenetic 
tree was constructed with Mega7 [33] in an attempt to 
predict the phage packaging mechanism for Los1. Boot-
strap analysis was performed with 100 replicates.

Comparative genomics of Campylobacter phages

To date, seven Campylobacter phages of similar genomic 
size to Los1 have been sequenced. Table 2 contains informa-
tion about these phages and Los1, including the number of 
ORFs and tRNAs predicted in each phage, the geographi-
cal origin of the phage, and the sample type from which 
each phage was isolated. Using the sequences of all eight 
genomes listed in Table 2, global alignments were generated 
using progressiveMAUVE [34] to compute sequence iden-
tity and to visualise any genomic rearrangements. BLAST 
Ring Image Generator (BRIG) [35] was employed to gener-
ate a circular image displaying the BLASTP comparison of 
ORFs from the abovementioned Campylobacter phages. All-
against-all dot plots were constructed with whole-genome 
fasta files in Gepard [36]. Mulan (MUltple sequence Local 
AligNment and visualization tool) is a program that utilises 
a TBA (Threaded Blockset Aligner) algorithm for whole 
genomes. The eight Campylobacter phage genomes, were 
submitted to Mulan, and following multi-sequence align-
ments, a neighbour-joining phylogenetic tree was con-
structed [37].

Table 2  Summary of Campylobacter phage genome characteristics. 
The fully sequenced genomes listed all bear similarity to phage Los1 
in genome size and can putatively be placed into the genus Cp8virus. 

Included are GenBank accession numbers and the sample material 
from which the phage was isolated

Phage name GenBank accession no. Genome size (bp) No. of 
predicted 
ORFs

Genome start position No. of 
tRNAs

No. of 
hef-like 
genes

Isolation source

Los1 KX879627 134,073 169 Putative large 
terminase protein 
(GenBank ref. 
AOT25822.1)

4 11 Poultry excreta (Ireland) 
[This work]

NCTC12673 NC_015464 135,041 172 Hypothetical protein 
(GenBank Ref. 
YP_004421557.1)

3 12 Poultry excreta (US) [38]

CP81 FR823450 132,454 188 Hypothetical pro-
tein (GenBank ref. 
CBZ42168.1)

5 10 Chicken skin (Bavaria, 
Germany) [39]

CPX NC_016562 132,662 149 Putative homing 
endonuclease 
(GenBank ref. 
YP_004956867.1)

5 10 Retail chicken (UK) [15]

CP30A NC_018861 135,572 162 Putative homing 
endonuclease 
(GenBank Ref. 
YP_006908063.1)

4 11 Poultry excreta (UK) 
[40]

CP8 KF148616 132,667 183 Putative homing endo-
nuclease (GenBank 
ref. AGS81172.1)

5 10 Chicken ceca (UK) [40]

PC5 KX229736.1 131,095 174 Hypothetical pro-
tein (GenBank ref. 
ANH51123.1)

3 11 Chicken ceca (Slovenia) 
[41]

PC14 KX236333.1 134,927 172 Hypothetical pro-
tein (GenBank ref. 
ANH51294.1)

3 12 Chicken ceca (Slovenia) 
[41]

http://tools.neb.com/%7evincze/blast/index.php%3fblastdb%3dinbase
http://tools.neb.com/%7evincze/blast/index.php%3fblastdb%3dinbase
http://www.kazusa.or.jp/codon/
http://www.kazusa.or.jp/codon/
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Results and discussion

Phage isolation, lytic spectrum and transmission 
electron microscopy

Phage Los1 was isolated from a fresh poultry faecal sam-
ple taken from a holding crate at a slaughterhouse in Cork, 
Ireland. After plaque assay analysis of the enriched sam-
ple, clearings were visible, and hence, purification and 
propagation of the phage were performed, which typically 
yielded titres of ~ 109 PFU/ml. TEM images revealed that 
phage Los1 belongs to the family Myoviridae (head diam-
eter: 94.7 ± 3.4 nm, tail length: 102.5 ± 3.1 nm, tail width: 
19.3 ± 0.8 nm [n = 12]). The tail fibres (with ca. 1/3 of the 
tail length) can be seen in a number of conformations, 
including phage particles with fibres folded up on the 
tail in an upwards direction (Fig. 1c) and also attached 
in a downwards ‘rosette-like’ position from the tail end 
(Fig. 1a). These differing tail fibre conformations have also 
been observed for other C. jejuni (group III) phages and 
also T4 [42, 43]. For the long tail fibres of the myovirus 
T4 [43], it has been postulated that maintaining tail fibres 
against the virion body can allow the phage to diffuse 
more rapidly in liquid media in search for a host. Delicate 
tail fibres may also be folded in free phage for protection 
against low pH and unfavourable temperatures; however, 
this can compromise the adsorption rate and successful 

DNA injection into the bacterial host [42, 43]. Tail fibres 
can undergo conformational changes and extend when 
their respective receptor proteins are detected, or when 
conditions allow phage progeny to remain viable [42]. The 
adsorption of phage Los1 to C. jejuni PT14 in broth typi-
cally results in approximately 50% unbound phage after a 
20-min incubation at an MOI of 0.0025; the large propor-
tion of unbound phage is possibly due to retracted tail 
fibres. The host range of Los1 was briefly investigated 
using plaque assays against 26 C. jejuni strains and six C. 
coli strains and was found to have no infectivity against 
any of the C. coli strains tested and to form plaques on 
27% of the C. jejuni isolates (Supplemental Material, 
Table S1.1). This limitation of infectivity to C. jejuni 
strains is in accordance with the lytic spectra observed for 
other Campylobacter phages with similar head diameter 
[41, 44, 45].

Bioinformatic analysis Los1 genome sequence

General genomic features

Sequence analysis of phage Los1 revealed a 127-bp ter-
minal repeat, indicating a circularly permuted genome, 
and removal of such yielded a single-copy genome of 
134,073 bp with a GC content of 26.2%, 4.3% lower than 
that of its propagating host, C. jejuni PT14 [24]. This 
higher AT content, commonly seen in phage relative to 

Fig. 1  Transmission electron micrographs of phage Los1 stained with 
1% (w/v) uranyl acetate (a-d) or with 1% (w/v) ammonium molybdate 
(image e). The arrow in image a indicates distal globular structures of 
tail fibers forming a rosette-like structure beneath the tail. Open tri-
angles in image c indicate tail fibers attached in upward positions on 

the tail surface. The black capsid and contracted tail seen in image d 
indicates receptor binding at globular vesicles with subsequent DNA 
liberation. In image e, tail fibres are shown detached from the tail due 
to the alternative staining method
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their host, is thought to be transcriptionally advantageous, 
as polymerases may succeed in melting phage DNA with 
more ease than host DNA [46]. In combination with the 
TEM image (Fig. 1) depicting a myovirus with an ico-
sahedral head of approximately 95 nm in diameter, the 
genome size allows a tentative categorisation of phage 
Los1 into the genus Cp8virus. Coding sequences account 
for 92.7% of this genome, with 169 ORFs predicted (gene 
density, 1.26), many of which overlap. The vast majority 
of these (approx. 87%) are encoded on the reverse strand. 
Phage Los1 predominantly uses AUG as a start codon for 
protein synthesis; however, GUG and CUG are also used, 
albeit at lower frequencies (0.59% and 3.7%, respectively). 
BLASTP and Pfam analysis allowed a putative function 
to be assigned to 71 of the predicted ORFs. The highest-
scoring homologs, along with their scores, can be seen in 
Supplementary Data 2. Eleven hef-like homing endonu-
cleases were also identified, each containing regions of 
homology to each other.

As noted in Campylobacter phage Cp81 [39], the 
genome of Los1 is not modular, with a seemingly arbitrary 
arrangement of ORFs. No obvious organisation could be 
observed, and many protein subunits are present along the 
genome at some distance from one another, such as the 
terminase (Los1_001, Los1_027) and the DNA primase 
(Los1_054, Los1_160). This may be, in part, due to the 
presence of homing endonucleases.

tRNAs and Los1 ORF codon usage

Four tRNAs are present in the genome of Los1, clustered 
between Los1_040 and los1_041. These tRNAs (met-
CAT, asn-GTT, arg-TCT and tyr-GTA) are also present 
in the host [24], so their retention in the genome would 
not appear to confer a transcriptional advantage for phage 
genes. When codon usage in Los1 was compared to the 
codon usage within a C. jejuni genome in the Kasuza 
database (seen in Supplemental Material 1, Fig. S1.1), 
the codons for which there are tRNAs in Los1 (aside from 
 tRNAmet) were used at a slightly higher frequency in Los1. 
This, however, is the case for many other codons for which 
there are no tRNAs present. The requirement of Los1 
tRNAs for transcription of highly expressed genes was 
investigated, and while AGA was the predominantly used 
codon for arginine in all ORFs, AAC and TAC were used 
at low frequencies, with the exception of both putative 
topoisomerase subunits (Los1_129, Los1_131), baseplate 
subunits (Los1_146, Los1_156), the ssDNA binding pro-
tein (Los1_167), the tail fibre protein (Los1_162) and the 
putative RNAse H (Los1_164). Retention of Los1 tRNA 
may be beneficial in the transcription of these particular 
ORFs.

Replisome of Los1, DNA modification and transcription

Phage Los1 encodes for many putative proteins involved 
in DNA replication, repair and nucleotide modification. 
As in the highly characterised replisome of T4 [47], Los1 
contains genes for a DNA polymerase (Los1_048), pri-
mase and helicase proteins, which may come together to 
form the primosome (Los1_036, Los1_037, Los1_052, 
Los1_150), a sliding clamp and clamp loader subunits 
(Los1_158, Los1_119, Los1_156, respectively) and a 
ssDNA binding protein (Los1_167). Two ORFs encode 
the phage topoisomerase, Los1_129 and Los1_131, which 
may have originated as one larger ORF but are now sepa-
rated by a hef-like gene. Many other genes are predicted 
to have functions in DNA synthesis, such as a thymidylate 
synthetase (Los1_003), ribonucleotide reductase (subunits 
Los1_017, Los1_108, Los1_109) and thymidine kinase 
(Los1_052), and DNA repair, for example, the putative 
DNA repair and recombination protein (Los1_038). Phage 
DNA methylation functions to protect phage DNA from 
host restriction systems [48], and genes for three meth-
ylases were predicted in Los1 (Los1_042, Los1_043, 
Los1_049). Los1_042 putatively encodes an adenine-
specific methylase, which is significant due to the low 
GC content of the genome, indicating that base methyla-
tions are widespread in the Los1 genome. The DNA of 
Campylobacter phages are notoriously difficult to digest 
using restriction enzymes [13], even when known restric-
tion sites are located in the genome, which is unsurpris-
ing considering the DNA protection conferred by base 
modifications.

Los1 does not appear to encode its own RNA polymer-
ase; however, a conserved motif (e value 1.2e-23) was found 
upstream of 12 ORFs containing the consensus sequence of 
the C. jejuni-10 promoter region, indicated by pink arrows in 
Fig. 2. Los1_068 was identified as the sigma factor for a late 
transcription gene with sequence similarity to the same gene 
in t4; however, no obvious t4-like late promoter was identi-
fied. One hundred forty-three ORFS were also preceded by 
a motif matching a consensus ribosomal binding site (RBS) 
sequence in C. jejuni further downstream from the putative 
-10 sequence (Fig. S1.2) [49].

Phage DNA packaging mechanism

Los1 contains one intein, located at the N-terminal end of 
the large terminase subunit (Los1_027), which may facili-
tate the assembly of both terminase subunits. Phylogenetic 
analysis of large terminase subunits from phages with known 
packaging mechanisms resulted in the incorporation of 
Los1_027 into the clade of terminases belonging to phages 
with t4-like headful DNA packaging.
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Fig. 2  Genome map of phage Los1 with legend (inset). ORFs are coloured in relation to putative function as determined by BLASTP and Pfam 
matches (see Supplemental Material 2). Putative promoters are indicated by pink arrows (colour figure online)
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ORFs involved in progeny release

Los1_127 was found to contain a soluble transglycosy-
lase (SLT) domain, which may function to degrade host 
peptidoglycan. SLT domains have been found in phage 
endolysins with N-acetyl-β-muramidase and carboxypepti-
dase/endopeptidase activity, and they appear to be limited 
to phages with specificity for proteobacteria [50]. The 
nucleotide sequence of Los1_127 also seems to be highly 
conserved among Los1 and the Campylobacter phages 
listed in Table 2 (BLASTN e value, 0 for all alignments). 
Los1_127 also contains a putative signal peptide at the 
N-terminus of the protein, with a predicted cleavage site 
between positions 21 and 22 (D-score 0.644), indicating that 
this protein may function as a signal arrest release (SAR) 
endolysin [51, 52]. Experimental studies are necessary to 
confirm this possibility. No Los1 protein was found to be 
homologous to a previously determined holin in BLASTP 
searches; however, if Los1_127 is a SAR endolysin, it is 
likely that any holin present in the genome would be a pin-
holin, acting to allow the passage of ions across the host 
membrane to allow for membrane depolarisation rather than 
allowing passage of the entire endolysin to the periplasm 
[53]. A likely pinholin candidate is Los1_053, a small pro-
tein that is 62 residues in length and contains two predicted 
transmembrane domains and shows homology to a Bacillus 
simplex Na +/K + antiporter (e value, 2.2). This ORF is also 
highly conserved among the Campylobacter phages listed 
in Table 2. Phage holins are typically encoded adjacent to 
the endolysin gene; however, as stated above, the genome 
of Los1 lacks modularity. A large gene encoding a putative 
peptidase (Los1_140) was identified, 889 amino acids in 
length, making it the second-largest protein in Los1 (sec-
ond to Los1_162, encoding the large tail fibre subunit). This 
sequence was not predicted to contain any transmembrane, 
signal or binding domains, and the only functional domain 
that could be identified was a D-alanyl-D-alanine carboxy-
peptidase enzymatic domain (e-value, 1.6 × 10−8) between 
residues 459 and 558. These domains have been predicted 
in many Gram-positive and Gram-negative phage endolysins 
in comparative studies, but some have been experimentally 
proven to function as L-alanine-D-glutamate endopeptidases 
[50]. As of yet it is unclear whether or not this protein has a 
function in degradation of peptide bonds in the host murein.

Los1 DNA binding protein

Regarding the difficulties experienced when extracting DNA 
from Los1 particles, it was expected that one ORF from 
the genome would encode a DNA-binding protein as was 
demonstrated experimentally for Gp001 of Campylobacter 
phage NCTC 12673 [25]. In that study, it was found that 
Gp001 encoded a protein that, when complexed with the 

DNA of NCTC 12673, even at low pH, allowed it to evade 
degradation by bacterial nucleases and remain stable in the 
acidic environment that may be encountered in the animal 
gut. Los1_118 was found to share 100% sequence identity 
with Gp001 (BLASTN), and it can thus be assumed that this 
same DNA-binding protein hindered Los1 DNA extraction 
attempts.

Los1 YopX proteins

Two putative YopX (Yersinia outer protein X) family pro-
teins were found during the annotation of Los1, Los1_087 
and Los1_088. While found in other phages [54, 55], 
their role in phage genomes is largely unknown. YOPs are 
secreted proteins that contribute to the pathogenicity of 
Yersinia pestis and the evasion of the host’s innate immune 
system, and specifically, YOPX has been shown to play a 
role in the adhesiveness of bacteria to eukaryotic cells and 
mediation of serum resistance [56]. Both YOPX proteins in 
Los1, when subjected to BLASTP analysis, showed varying 
degrees of sequence similarity to hypothetical proteins in C. 
jejuni and C. coli. If these proteins confer the same advan-
tages to invasive Campylobacter as in Y. pestis, it could be 
hypothesized that their presence in Los1 may promote the 
invasion and retention of phage-infected Campylobacter into 
host epithelial cells, and out of the harsh environment of the 
intestinal tract, where free phages may be less stable (Fig. 3).

Comparative genomics of Campylobacter group III phages

To date, eight fully assembled Campylobacter group III 
phage genomes, all of similar size, have been sequenced, 
including vB_CjeM_los1 (Table 2). These were globally 
aligned using progressiveMAUVE, but two of the eight 
genomes aligned in the reverse compliment direction and 
required inversion. Subsequently, when all sequences were 
aligned, it was revealed that all were circular permutations 
of another (Fig. 4), which was also noted in phage CP81 
with Bal-31 exonuclease assays [39]. When the genome 
sequences were then corrected to begin at their respective 
regions homologous to Los1_001 and aligned, locally col-
linear block (LCB) weights and lengths indicated that all 
eight sequences differed by just 1.43%, excluding an LCB 
(green LCB within a hef-like ORF in Fig. 5) seen in just 
CPX and NCTC 12673. Considering their significant simi-
larity to campylobacter virus CP81 (the type member of the 
genus Cp8virus), the place of the seven other listed Campy-
lobacter phage genomes in the genus Cp8virus can be estab-
lished. Also noted is the conservation of arrangement from 
genome to genome. hef-like genes, which are free-standing 
selfish genetic elements with no discernible role in phage 
progeny production [57], were identified in each of the phage 
genomes, and the number of these genes in each member of 
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the genus Cp8virus can be seen in Table 2. These endonu-
cleases cleave phage DNA without affecting phage viability 
and allow the homing endonuclease gene to insert itself into 
hef-free cognate sites in other phage genomes [58]. These 
sites can be within genes, and in all of the eight genomes, 
the topoisomerase gene has apparently been divided into 
two subunits by the insertion of a hef-like sequence. There 
is evidence of three other hef-related gene-splitting events 
in all genomes, in accordance with the documented findings 
of a genome analysis of phage CP81 [39]. There are three 
tail tube proteins in each of the Cp8viruses, which might 
have originated as one larger protein (grey ORFs in Fig. 5). 

Two genes lie adjacent to one another (possibly split by an 
ancient nonsense mutation), while a third part can be found 
a significant distance away, next to a hef-like gene, which 
may be responsible for the separation. Many Cp8virus pro-
teins share a degree of sequence identity with T4, leading 
to the assumption that an evolutionary relationship exists. 
However, unlike T4, with its highly organised genome [59], 
Cp8viruses do not display this ordered arrangement of early, 
middle and late genes, possibly caused in part by hef homo-
logues. In T4, the genes encoding the major head protein and 
capsid protein are side by side (gp23 and gp24, respectively), 
but in the Cp8virus genomes, they are distantly located on 

Fig. 3  Maximum-likelihood phylogenetic tree generated using phage 
large terminase subunits. The intein sequence located in the Los1 
terminase subunit was removed to give a more accurate prediction of 
function. Bootstrapping values above 50 are displayed at the nodes. 
Coloured labels correspond to differing phage DNA packaging mech-

anisms: P22-like headful (orange), 3’-extended COS ends (pink), 
T1-like headful (grey), T4-like headful (green), λ-like 5’-extended 
COS ends (light blue), T7-like direct terminal repeats (blue), mu-
like headful (black), P2-like 5’-extended COS ends (purple), T1-like 
headful (grey) (colour figure online)
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opposite strands (orange-coloured ORFs in Fig. 5). Both 
ORFs are in the vicinity of hef-like genes. A similar case 
can be observed in all genomes with the portal vertex pro-
tein and the large terminase subunit (pink-coloured ORFs 
in Fig. 5). Using Los1 as an example, these proteins are 
encoded 24 ORFs apart but may have evolved from the same 
T4 DNA packaging protein, as they align with two regions of 
T4’s gp17. Hef-like homing endonucleases are also present 
in the vicinity of these two Cp8virus ORFs, indicating a role 
in the gene split. As can be seen in Fig. 5, in six of the phage 
genomes, the ribonucleotide-diphosphate reductase subunit 
is flanked by two hef-like genes, one encoded upstream on 
the plus strand and one downstream on the minus strand. In 
phages CP30A and PC5, an additional hef-like gene appears 
to have inserted itself on the minus strand between the 
upstream hef-like sequence and the ribonucleotide-diphos-
phate reductase subunit. While slightly varying numbers of 
these selfish elements are present within each of the eight 
Campylobacter phages, no instance of genomic rearrange-
ment from genome to genome caused by these homing endo-
nucleases could be identified. Duplication of regions flank-
ing the hef-like sequences was also not observed.

Details of BLASTP comparisons of all Los1 ORFs with 
predicted ORFs of other Cp8viruses are shown in Fig. 6. 
What is obvious is the high degree of conservation within 
the majority of genes, despite the worldwide distribu-
tion of these phages (Table 2). Proteins predicted to have 

involvement in phage structure, DNA replication, and lysis 
have retained sequence similarity to one another. Genomic 
regions displaying the highest levels of variation within the 
genomes include clusters of small genes for which no func-
tion could be ascertained, as well as hef homologues. In 
certain cases, single Los1 ORFs are shown to be separated 
into two homologous ORFs in other phage, and vice versa. 
For instance, Los1_162 and Los1_163 (tail fibre subunits) 
are encoded in one large ORF in Cp30a (ORF 49). This 
may be attributed to random nonsense mutations and also 
might account, in part, for the differing number of ORFs 
predicted in each of the phages. It can also be considered 
that ORF prediction software has advanced since the first 
report of Cp8virus genome sequences in 2011[38, 39]. Some 
protein sequences in the GenBank file of NCTC 12673 were 
not available, and these correspond to the gaps seen in the 
relevant ring in Fig. 6. BLASTN, however, confirmed that 
non-hypothetical proteins of Los1 (for example, Los1_001) 
did indeed have homologous counterparts in NCTC 12673. 
Also, the genome of phage Cp81 was opened at a region that 
split an ORF encoding one of the tail fibre subunits (seen as 
a gap in the CP81 ring in Fig. 6). Opening of the genome at 
an alternative location led to the assembly of this subunit for 
further analysis (Fig. 7).

The tail fibre subunits were compiled from the Campy-
lobacter phages listed above and aligned with ORF 049 
in phage CP30A using BLASTP. While the sequences 

Fig. 4  progressiveMAUVE alignment of Campylobacter phage genomes showing circular permutations
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themselves retain a high percentage of identity to segments 
of ORF 049 in CP30A, the locations at which the protein is 
divided up into subunits vary dramatically (Fig. 8). These 
varying ORF subunits within the tail fibre protein result 
from previously identified mutations [41] and may result in 
shorter tail fibres.

In previous studies, the receptor-binding protein (RBP) 
was found to be localised to the C-terminus of the tail fibre 
subunit in phage NCTC12673 [60]. BLASTP analysis of 
this sequence revealed homologous sequences not only in 
Cp8viruses but also in four members of the genus Cp220vi-
rus, all with sequence identity above 91%. The putative 
RBPs in Cp220viruses are also located at the C-terminus of 
their respective tail fibre proteins. These sequence homologs 
were aligned using MUSCLE (Fig. S1.3), and phylogenetic 
analysis was performed. While some bootstrap values are 
below 50%, this tree (Fig. S1.4) shows that neither Cp8vi-
ruses nor Cp220viruses cluster together as separate clades. 
Host resistance to Cp220viruses results in motility defects in 
Campylobacter strains, indicating that flagellin is the phage 

receptor, while Cp8viruses appear to use the capsular poly-
saccharide for host binding. The presence of putative RBPs 
in Cp220viruses homologous to those seen in Cp8viruses 
is surprising; however, Sørensen et al. noted that, in trans-
mission electron microscopy images of Campylobacter 
type II and type III phages (since renamed Cp8viruses and 
Cp220viruses, respectively), the tail fibres of type II phage 
contained distal globular structures, possibly indicating an 
additional tail fibre subunit [42].

Conservation of ORFs is evident among the Cp8viruses, 
and regarding tRNAs, all of the listed genomes contain 
tRNAs for met-CAT, asn-GTT and tyr-GTA. Los1 and 
CP30A contain and additional  tRNAARG , and CP81, CPX 
and CP8 also have a  tRNALEU. When whole-genome align-
ments were performed using the program Mulan, a phyloge-
netic tree was also generated based on the neighbour-joining 
method (Fig. 9). It may be noteworthy that, phylogenetically, 
Cp8viruses have been grouped in a manner that represents 
their tRNA content, and tRNA analysis may be an indication 
of evolutionary relationship.

Fig. 5  progressiveMAUVE alignment of Campylobacter phage 
genomes in GenBank format. White boxes along the length of each 
genome represent individual ORFs, and the position above or below 
the line corresponds to whether the ORF is encoded on the plus 
(above) or minus (below) strand of DNA. Conserved genome seg-
ments are indicated by locally collinear blocks (LCBs) for which 
weights have been computed (data not shown). hef-like genes are 
indicated with green boxes, topoisomerase subunits are coloured in 

blue, ORFs coloured yellow indicate the putative ribonucleotide 
diphosphate reductase subunit, tail tube protein sequences are shaded 
grey, pink ORFs indicate the large terminase subunit, and the por-
tal vertexf protein and major head and capsid proteins are coloured 
orange. Diagonal red lines in the genomes of Cp8 and CpX indicate a 
region in each genome with homology to a hef-like homing endonu-
clease but containing a nonsense mutation (colour figure online)
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Conclusions

With growing concerns regarding food safety and antibi-
otic resistance, bacteriophages are being looked to as an 
alternative for reduction of bacterial pathogens in food 
production. There have been frequent new reports of phage 
isolation and characterisation generating data to allow 
phages to be grouped taxonomically into families and 
genera. There are eight Campylobacter group III phages 
fully sequenced to date that show homology to the newly 
isolated phage Los1 (Table 2). In the ICTV proposal lead-
ing to the creation of the genus Cp8virus [61], the reason-
ing for such groupings was that Campylobacter phages 
NCTC 12673 and CPX shared 95% sequence identity to 
phage CP81. As highlighted in Fig. 4, all eight Campylo-
bacter phages share over 98% sequence identity, cement-
ing their placement in the genus. The level of conserva-
tion is even more impressive when considering that the 
phages were isolated in locations across Europe and the 
USA. The greatest level of diversity between the genomes 
can be seen outside of known major functional ORFs and 

within regions encoding hef-like proteins and smaller 
hypothetical proteins. In relation to proteins such as the 
putative endolysin and holin, their identity and retention 
in all genomes would further indicate their functional 
importance.

As regards the opening of Cp8virus genome sequences 
annotated so far, there does not appear to be a consensus 
start position, but for future genus members, it may be 
ideal to ensure that the sequences, firstly, are all read in 
the same direction (with the majority of ORFs encoded on 
the negative DNA strand) and, secondly, begin with the 
ORF of the terminase subunit homologous to Los_001, if 
available. This would make further comparative studies 
more straightforward.

More studies, both in vitro and in silico are necessary 
to correctly assign function to current hypothetical pro-
teins of these phages. While approximately 42% of Los1 
ORFs have been elucidated, a large proportion still remain 
unknown and may give further insight into the replication 
methods and survival mechanisms of Cp8viruses.

Fig. 6  BRIG output showing 
BLASTP ORF comparisons 
of Cp8virus GenBank files, 
using Los1 as the reference 
genome. Upper and lower 
identity thresholds were set 
to 70% (above which, ORFs 
are represented with solid 
colours) and 50% (above which 
ORFs show shaded colouring), 
respectively. The innermost 
circle displays GC content. 
Coloured rings denote phage 
genomes; CP8, blue; CP30A, 
dark blue; CP81, purple; 
CPX, fuschia; PC14, orange; 
NCTC12673, green; PC5, dark 
green. Regions of variability 
highlighted using * indicate hef 
homologues, and the numbers 
bordering the image corre-
spond to the following ORFs 
in Los1: 1, putative exonucle-
ase (Los1_044); 2, putative 
methyltransferase (Los1_049); 
3, variable region of ORFs 
with no discernible function; 
4, putative baseplate hub and 
tail lysozyme (Los1_146); 
5, putative baseplate wedge 
subunit (Los1_156); 6, tail fibre 
subunits (Los1_162, Los1_163) 
(colour figure online)
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Fig. 7  Gepard dot plots of phage genome sequences. A. Eight 
Campylobacter phage sequences. Diagonal, continuous black lines 
demonstrate the similarity of the genomes to one another without 
rearrangements or major deletions. Minor deletions can be visualised 
in the warping of these lines. The background noise can be attributed 
to repetitive sites in the genomes, which is unsurprising, considering 
the high AT content of each, and also ORFs such as hef-like genes, 

which may appear as repeated elements, considering their homol-
ogy to one another. B. Sequences from Los1, Campylobacter phage 
Cp220 (from the genus Cp220virus), Enterobacter phage T4, and 
Bacillus phage SPP1. The absence of diagonal lines in segments con-
taining two different phage genome sequences indicates a lack of sim-
ilarity between those corresponding genome sequences

Fig. 8  Tail fibre subunits of Campylobacter phages as encoded in 
their respective genomes. The scale refers to the number of nucleo-
tides. As can be seen from the image, many of the tail fibres are 

encoded by two subunits of varying size. The protein is intact in 
CP30A and NCTC12673 and is encoded in three parts in phage CPX
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