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ABSTRACT

We have sequenced the double-stranded DNA genomes of six lactococcal phages (SL4,
CB13, CB14, CB19, CB20, GR7) from the 936 group that were isolated over an 8-year period
from whey samples obtained from a Canadian cheese factory. These six phages infected the same
two industrial L. lactis strains out of 30 tested. The CB14 and GR7 genomes were found to be
100% identical even though they were isolated 14 months apart, indicating that a phage can
survive in a cheese plant for over a year. The other four genomes were related but notably
different. The length of the genomes varied from 28,144 to 32,182 bp and coded for 51 to 55
ORFs. All five genomes possessed a 3’ overhang cos site, 11 nucleotides long. Several structural
proteins were also identified by nano-HPLC-MS/MS, confirming bioinformatics analyses.
Comparative analyses suggested that the most recently isolated phages (CB19 and CB20) were
derived, in part, from older phage isolates (CB13, CB14/GR7). The organization of the five
distinct genomes was similar to the previously sequenced lactococcal phage genomes of the 936
group, and from these sequences, a core-genome was determined for lactococcal phages of the

936 group.
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INTRODUCTION

The manufacture of cheeses requires the inoculation of carefully selected bacterial
cultures, known as starter cultures, at concentrations of at least 10 live bacteria per ml of heat-
treated milk. The purpose of this process is to control the fermentation and to obtain high-quality
fermented products (29). Starter cultures are a combination of Lactic Acid Bacteria (LAB), of
which one of the most important species is Lactococcus lactis. L. lactis is a low GC Gram-
positive bacterium used to metabolize lactose into lactic acid during the production of several
cheese varieties. Because large amounts of lactococcal cells are cultivated each day in large-scale
fermentation vats and because these cells are susceptible to bacteriophage infection, it is not
surprising that most cheese factories have experienced problems with phage contamination (13).
Even a single phage infecting a starter strain is enough to begin a chain reaction that can
eventually inhibit bacterial growth, cause production delays, taste and texture variations and even
complete fermentation failures (1, 29).

Phage infections are unpredictable in food fermentations. Their presence and persistence
in a dairy factory can be explained in many ways. First, raw milk can introduce new phages into
an industrial plant (25). Madera et al. (22) also reported that newly isolated lactococcal phages
were more resistant to pasteurization. Whey, a liquid by-product of cheese manufacturing, is
another reservoir that can spread phages in a factory environment (25). Airborne phage
dissemination may also be important since concentrations of up to 10° PFU/m’ have been
observed close to a functional whey separation tank (32).

For decades the dairy industry has been working to curtail the propagation of virulent
phages using a variety of practical strategies including, among others, sanitation, optimized

factory design, air filtration units, rotation of bacterial strains and the use of phage resistance
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systems (13). Yet, new virulent phages emerge on a regular basis. Indeed, large-scale industrial
milk fermentation processes can be slowed down by virulent phages of the Caudovirales order.
Members of three lactococcal phage groups are mostly found in dairy plants, namely, 936, c2 and
P335. The 936-like phages are by far the most predominant worldwide (3, 18, 22, 27).

Phages of the 936 group have a double-stranded DNA genome and possess a long non-
contractile tail connected to a capsid with icosahedral symmetry, characteristic of the
Siphoviridae family. Currently, six complete phage genomes of the lactococcal 936 group are
available in public databases, including skl (6), bIL170 (10), jj50, 712, POO8 (23), and bIBB29
(16). Their comparative analysis revealed a conserved gene organization despite being isolated
from different countries. Most of the differences have been observed in the early genes module,
where insertions, deletions, and point mutations likely occurred (16, 23). Moreover, it is assumed
these phages can also exchange DNA through recombination with other bacterial viruses present
in the same ecosystem.

Because new members of this lactococcal phage group are regularly isolated, a better
understanding of their evolution is warranted to better control them. A cheese factory is a
particular man-made niche where rapidly growing bacterial strains encounter ubiquitous phages.
Such active environments provide ample opportunities for phage evolution, especially to dodge
phage resistance mechanisms that may be present in host cells. Nonetheless, the evolutionary
dynamics that shape the diversity of lactococcal phage populations are still not well understood.

In this study, we analyzed the genome and structural proteome of six 936-group phages
(SL4, CB13, CB14, CB19, CB20, GR7) that infected the same L. lactis strains and were isolated

over an eight-year period from a cheese factory.
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MATERIALS AND METHODS

Isolation of virulent lactococcal phages. Whey samples were obtained from a single cheese
plant using defined starter cultures. The phages present in the samples were amplified using L.
lactis subspecies cremoris SMQ-404 as an indicator strain, as described elsewhere (3, 28), and
were propagated according to the method of Jarvis (17). The species of the lactococcal phage

isolates was obtained using multiplex PCR (19).

Bacterial strains and phages. L. lactis subsp. cremoris SMQ-404 and SMQ-438 were grown at
30°C in M17 (Difco) supplemented with 0.5% lactose. For propagation of phages SL4, CB13,
CB14, CB19, CB20, and GR7, host cells were incubated until the ODggo nm reached 0.1. Phages
and CaCl, were added to the growing culture at a final concentration of 10° phages/ml and 10
mM, respectively. The phage-infected culture was incubated until complete bacterial lysis was
obtained, then filtered through a 0.45-um-syringe-filter (Fisher Scientific). To obtain highly
concentrated phage preparations, lysates were mixed with polyethylene glycol (34) and purified
on a discontinuous CsCl gradient followed by a continuous one-step CsCl gradient. The first
centrifugation was performed at 35,000 rpm for 3 h in a Beckman SW41 Ti rotor. The second

ultracentrifugation was performed using a Beckman NVT65 rotor at 60,000 rpm for 18 h (7, 14).

DNA sequencing and sequence analysis. The DNA of virulent lactococcal phages SL4, CB13,
CB14, CB19, CB20 and GR7 was isolated from high-titer lysates using a Lambda Maxi kit
(Qiagen) and the modifications for the 936 group suggested by Deveau et al., (11). To confirm
the identity of the isolated DNA, digestions with EcoRI and EcoRV endonucleases were

performed. Restriction profiles were then matched with their corresponding patterns in our
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database. Restriction endonucleases (Roche Diagnostics) were used as recommended by the
manufacturer. Primers previously designed to sequence the genome of lactococcal phage POO8
(23) were used for direct sequencing of the conserved regions in the genomes of the six new
phages. Primers were then designed to complete the sequencing of both strands using an ABI
Prism 3100 apparatus from the genomic platform at the Centre Hospitalier de 1’Université Laval.
The cos site was determined as reported elsewhere (23). Sequence assembly was performed with
Staden  software  (http//:staden.sourceforge.net/) and  BioEdit 7.0.5.3  software
(http//:www.mbio.ncsu.edu/BioEdit/bioedit.html) was used for alignment editing. Open reading

frames (ORFs) were predicted using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).

The assignment of ORFs was performed using criteria that were described previously (23). The
translated ORF products were compared with known protein sequences using BLASTP (2). The
estimated molecular masses and pls were obtained using the tool Compute pl/Mw

(ca.expasy.org).

Structural proteins identification. Approximately 8 ug of phage proteins (5) were added to a
12% SDS polyacrylamide gel (1.5 mm thick). The protein samples were mixed with 4X loading
buffer (0.250 M Tris-HCl pH 6.8, 40% (w/v) glycerol, 8% (w/v) SDS, 20% (v/v) B-
mercaptoethanol, 0.1% (w/v) bromophenol blue) and boiled for 5 minutes before loading.
Proteins were detected using Coomassie blue staining. For protein identification, bands were cut
from the gel, digested with trypsin and identified by nano-HPLC-MS/MS at the Génome Québec

Innovation Centre at McGill University.
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DNA-DNA hybridizations. The Southern blot DNA analysis of phage and bacterial genomes
was done using the method described by Deveau et al. (12). Phage genomic DNAs were used as
probes. Bacterial DNA was isolated by the method described by Fortier and Moineau (15) with
the following modifications: cell pellets were suspended in 1 ml saline (0.85% NaCl), transferred
to an Eppendorf tube and centrifuged for 10 minutes at full speed in a microcentrifuge. The
pellets were then suspended in 200 ul of a 25% sucrose solution containing 30 mg/ml lysozyme,
and incubated at 37°C for 15 minutes. Finally, 400 ul of 3% sodium dodecyl sulfate was added

and the preparation incubated at room temperature with agitation for 7 minutes.

Electron microscopy. A 1.5 ml sample from a high-titer phage lysate was centrifuged (23,500 x
g) at 4°C for 1 h. The supernatant was discarded and the residual 100 ul washed twice with 1.5
ml ammonium acetate (0.1 M). A final volume of 100 ul was saved for observation. Grids were
prepared by adding 7.5 ul of washed phages to a copper Formvar-carbon-coated grid (200 mesh,
Pelco International). Uranyl acetate (7.5 ul of a 2% solution) was immediately added and mixed
by pipetting up and down. The liquid was removed after 30 to 60 seconds by touching the edge of
the grid with blotting paper (12). Phages were observed at 80 kV with a JEOL 1230 transmission
electron microscope. Dimensions given were the mean of 10 specimens. Phage dimensions were

measured using purified phage preparation diluted 1:10, rather than washed phage lysate.

Nucleotide accession numbers. The genome sequences were submitted to the GenBank database
under the following accession numbers: FJ848881 (phage SL4), FJ848882 (phage CB13),

FJ848883 (phage CB14), FJ848884 (phage CB19), and FJ848885 (phage CB20).
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RESULTS AND DISCUSSION

Isolation of the phages. The six virulent phages analyzed in this study (SL4, CB13, CB14,
CB19, CB20, and GR7) were isolated from different cheddar cheese whey samples from the
same Canadian cheese factory over an 8-year period (1996 to 2003) and at the beginning of the
study were the only one infecting the industrial L. lactis strain SMQ-404 (Table 1). Host range
analysis indicated that all six phages infected the same two L. lactis subsp. cremoris strains
(SMQ-404 and SMQ-438) out of 30 L. lactis subsp. cremoris strains tested. So far, L. lactis
SMQ-404 and SMQ-438 are sensitive to only 936-like phages. The EcoRV and EcoRI restriction
patterns of isolated phage DNAs were compared and found to be related (data not shown).
Multiplex PCR analysis confirmed that they all belonged to the 936 species (12, 19). The

genomes were sequenced to shed more light on their origins.

Analysis of phage genomes. Overall, the genome length of the six lactococcal phages ranged
from 28,144 to 32,182 bp (Table 1). Their GC content was 34.9%, which is similar to other
lactococcal phages (Table 1) and L. lactis strains (35.7%) for which the complete genomes are
available (4, 24, 40). These phage genomes possessed 51 to 55 open reading frames and, overall,
shared 82.1% nucleic acid identity. Interestingly, comparative genomic analyses revealed that
phages CB14 and GR7 contained identical genomes (100%), even though the two phages were
isolated 14 months apart, indicating that a phage can be stable in a cheese plant for a long period
of time. Phages CB19 and CB20 were 99.5% identical (Table 2) and were isolated from the same
whey sample. The main sequence differences were found in orfl and orf3 (Table 3), which likely
encode terminase subunits. The genome of phage SL4 possessed four additional orfs when

compared to the other four distinct phage genomes. Two of the orfs (orfl0 and orf24) coded for
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proteins containing a putative HNH endonuclease motif, indicating possible roles in replication,
recombination, maturation or encapsidation of phage DNA (10). It has been suggested that the
homing endonuclease is also involved in the gene diversity observed in the early expressed
genomic region of the 936-like phages (23). Phage CB13 also has four distinct genes including
one (orf31) that may code for an endonuclease.

Table 1 summarizes the main characteristics of the six phages as well as their
comparisons with the six other 936-like phages for which complete sequences are available in
GenBank. These latter six phages were isolated outside North America and their host strains
(laboratory strains L. lactis subsp. lactis 1L1403 and L. lactis subsp. cremoris MG1363) were
different from the one used here (industrial strain L. lactis subsp. cremoris SMQ-404). The
overall genome organization, however, was highly conserved in all 11 virulent lactococcal phage
sequences of the 936 group (Fig. 1). The DNA packaging module was always found next to the
morphogenesis module, followed by the lysis genes and the replication cluster. Comparative
genomic analyses indicated that these 11 genomes possessed 62.2% to 99.5% identity at the
nucleotide level, even though the isolates came from seven different countries (Table 2).

All 11 phages possessed cohesive genomic extremities (cos-type). We identified three
unique cos sites, although only one or two nucleotides separated these three genomic extremities
(Table 1). Phages SL4, CB19, CB20, skl1, bIL170, 712, jj50, and bIBB29 possessed the same cos
site, even though some of them were isolated 30 years apart. Phages CB13 and CB14/GR7 shared

the same cos site sequence while phage POOS had distinct genomic extremities (Table 1).

Origin of the phage genes. Phage SL4 was isolated in 1996 while CB13, CB14, CB19 and
CB20 emerged between July 2003 and September 2003. Phage CB20 was the last distinct phage

isolated from our whey samples that infected the same L. lactis strains. Thus, we hypothesized
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that CB20 may be derived from the other four phages. Pairwise comparisons suggested that orf4
to orf51 of phage CB20 may have derived from the genome of CB19 while orfl, orf2 and orf3
originated from the genome of phage CB13 (Fig. 2).

Phage CB19 was the second last phage isolated from the cheese whey samples. The
sequences orfl17, orfl9, orf20, as well as orf22 to orf44 of phage CB19 may have originated from
phage CB14, while orf4 and orf14 may have originated from phage CB13 (Fig. 2). However, the
origins of orf5 to orf21 (except for orfl4, orfl7, orf19 and orf20) and orf45 to orf51 of phage
CB19 remain elusive. Nonetheless, these data suggest that most recently isolated lactococcal
phages are derived, in part, from older phage isolates. The isolation of phages CB13, CB14/GR7,
CB19, and CB20 in a short period of time in 2003 may explain why we could identify these
shared modules. Phage SL4 was isolated 8 years previously and it was less related to these
phages.

L. lactis host strains are known to carry prophages (4, 24, 40) that participate in strain
diversity and the evolution of virulent phages (20), although these prophages belong to the P335
group and are genetically distinct from the 936-like phages analyzed here (12). Nonetheless, to
verify if the unknown phage DNA came from the host strain, DNA-DNA hybridization
experiments were performed against total DNA from L. lactis strains SMQ-404 and SMQ-438
using total phage DNA as the probe. No hybridization signals were observed (data not shown),
indicating that these two host strains did not contribute to the genomic diversity of the 936-like
phages. Taken together, these data suggest that some phage modules were swapped from other

virulent lactococcal phages already in the cheese plants but not analyzed in this study.

Structural proteins. The structural protein profiles of the five lactococcal phages were analyzed

by SDS-PAGE (Fig. 3A). The five phages had similar protein profiles, including a single major
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structural protein, along with several minor proteins, confirming their relatedness (Fig. 3A).
Phage SL4 had the most divergent profile. A total of twelve proteins were identified by nano-
HPLC-MS/MS, including seven from phage CB19, four from SL4 and one from CB13 (Fig. 3A,
D). More structural proteins were selected from phage CB19 as it appeared to contain the most
common proteins (based on molecular weight) among the five phages. All proteins identified by
nano-HPLC-MS/MS could be linked to a phage gene. The molecular masses calculated from the
SDS-PAGE were in agreement with the theoretical masses for 9 of the 12 phage proteins (Fig.
3D), including the portal protein (bands #3 and #10), the receptor binding protein (RBP, bands #4
and #12) and structural proteins of unknown function (bands #2, # 9, #11).

The putative tape measure protein (TMP, protein #6) of phage CB19 had an observed
mass of 198.1 kDa, which was almost double the theoretical value estimated by bioinformatic
analyses (105.6 kDa). Formation of a dimer could possibly explain this difference. Similarly,
protein band #7 of phage CB19 had an estimated molecular mass of 143.5 kDa based on its
migration on a SDS-PAGE gel, while its theoretical mass was calculated to be 71.3 kDa. The
protein was identified as a putative neck passage structure (NPS) protein. Interestingly, the same
protein was identified in bands #5 and # 8 as a monomer. Structural and functional analyses have
shown that some phage structural proteins are found as dimers (8, 21, 30).

As indicated above, the structural protein profiles of phage SL4 differed from the other
four phages, but proteins with similar functions also differed in size. For example, the TMP (band
#1) of phage SL4 was much smaller than its counterpart (band #6) in phage CB19, suggesting
that it may be processed in SL4. Similarly, the portal protein was also smaller in SL4 (band #3)
compared to phage CB19 (band #10). On the other hand, the RBP was a similar size in both
phages. This is not surprising since the RBPs of these phages have a conserved architecture of

three protomers related by a 3-fold axis, and each protomer comprises three domains: the N-
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terminus shoulders, the interlaced B-prism linker and the C-terminus head (33, 36, 38). Moreover,

both phages infect the same L. lactis strains.

Neck passage structure protein. Bioinformatic and structural protein profile analyses suggested
that phages CB13, CB14, CB19, and CB20 harbored a NPS protein. A gene (L12) coding for
such a protein was previously observed in the 936-like lactococcal phage blL41 (9). The NPS of
phage bIL141 shared 69% identity with ORF12 of phages CB19 and CB20. It was also
previously shown that the 936-like phages skl and jj50 do not carry a gene coding for a NPS
protein (Fig. 1) (23). Similarly, we could not identify a gene coding for this protein in phage SL4.
Observation of the five lactococcal phages (SL4, CB13, CB14, CB19 and CB20) by electron
microscopy identified a collar structure for all phages but SL4 (Fig. 3B, C), confirming the
presence of NPS in four of the five lactococcal phage analyzed.

Crutz-Le Coq et al. (9) previously showed that NPS does not seem to play an important
role during the assembly of phages and that it is not essential for lactococcal phages of the 936
group. They hypothesized, however, that NPS may be involved in host recognition (9). That SL4
does not possess a NPS structure and has the same host range as CB13, CB14, CB19 and CB20
suggests that this protein may have another function. Others have determined that NPS forms a
collar-whisker complex but is nonessential for phage assembly, stability and host range of

lactococcal phages of the P335 group (39).

Core-genome of 936-like phages. A core genome is defined as a set of genes invariably present
and conserved in a group of isolates (37). According to Muzzi et al. (31), a gene is considered

conserved when two proteins can be aligned with a minimum of 50% sequence conservation over
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50% of the protein length. Using these definitions and the 11 genomes known for the lactococcal
936-like phages, a core-genome was determined for this group of phages. A total of 33 ORFs
were conserved (363 proteins out of 597 proteins analyzed, 60.8%) and are part of the core-
genome of the 936 group. ORFs of phage CB19 that are part of the core-genome of the 936 group
are highlighted in Table 3. Most of these ORFs are likely structural proteins. The most conserved
protein was ORF14 from phages SL4, CB13, CB14, CB19, CB20, and P0O8. This ORF also
corresponded to L14 in phage bIL170, ORF13 in phages 712 and bIBB29, and ORF12 in phages
skl1, jj50 and p2. It was recently proposed that the non-structural phage protein ORF12 of phage
p2 might act as a chaperone, maintaining the phage TMP in solution during the tail assembly of
lactococcal phages (35).

A comparative analysis was also performed with the 33 core deduced proteins of the 936-
like phages and deduced proteins found in other lactococcal phage groups. None of the 936 core
proteins gave a significant match to other lactococcal phage proteins, except the endolysin, which
might be also conserved in the lactococcal Q54 and PO87 phage groups.

Based on bacterial studies (26), the core-genome includes all genes/proteins responsible
for the basic biological characteristics of a species as well as its major phenotypic traits. Clearly,
structural proteins represent major constituents of any given phage group, leading to a conserved
morphotype. It remains to be seen if this core genome will be upheld as more phage genomes of

the 936 group become available.

Conclusions. To our knowledge, this is the first report on the genomic characterization of North
American lactococcal phages of the predominant 936 group. The analysis of these Canadian
lactococcal phages has almost doubled the number of genomes available for 936-like phages.

Sequence comparisons provided valuable information about the evolutionary history of these
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phages. One phage was found to persist a in cheese factory for over a year, indicating that the
industrial practice of removing a starter culture for a short period of time (weeks/months) is
unlikely to be effective in the long term. This study also showed that the genome architecture of
lactococcal phages of the 936 group is highly conserved and probably reflects an optimal
organization to rapidly multiply in a dairy environment. Such a conserved genetic structure likely
facilitated the functional exchange of genes or groups of genes (modules) between virulent phage
genomes in response to various host and/or environmental factors. Despite the conserved
structure, our analysis identified considerable genetic flux between phage genomes, particularly
in the early expressed region. Future studies aimed at understanding this natural genomic
variation will likely provide clues to improved control strategies for lactococcal phage

populations.
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Table 1. Characteristics of the lactococcal phages analyzed in this study.
Phage Date of Country Host Genome References
isolation strain
Length %G+C  #ORFs cos site
(pb)

P008 1971 Germany 1L.1403 28,538 34.7 58 5’-CACAAAGGATT-3’ 23

bIL170 1973 France 11403 31,754 344 64 5’-CACAAAGGACT-3’ 10

skl Before 1976 Australia MG1363 28,451 345 55 5’-CACAAAGGACT-3’ 6

ji50 1985 Denmark MG1363 27,453 349 50 5’-CACAAAGGACT-3’ 23

712 Before 1988  New-Zealand  MG1363 30,510 339 55 5’-CACAAAGGACT-3’ 23
SL4 1996 Canada SMQ-404 28,144 35.0 52 5’-CACAAAGGACT-3"  This study
CB13 2003 Canada SMQ-404 32,182 34.7 55 5’-CACAGAGGACT-3’  This study
CB14 2003 Canada SMQ-404 29,459 34.8 52 5’-CACAGAGGACT-3’  This study
CB19 2003 Canada SMQ-404 28,643 352 51 5’-CACAAAGGACT-3’  This study
CB20 2003 Canada SMQ-404 28,625 35.0 51 5’-CACAAAGGACT-3’  This study
GR7 2004 Canada SMQ-404 29,459 34.8 52 5’-CACAGAGGACT-3"  This study

bIBB29 Before 2007 Poland 11403 29,305 347 54 5’-CACAAAGGACT-3’ 16

472
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Table 2. Nucleic acid identity (%) between each lactococcal phage genome of the 936 group.

P008 bIL170 skl jj50 712 SL4 CB13 CB14/ CB19 CB20 bIBB29
GR7
PO08 100
bIL170 77.8 100
skl 742 69.8 100
1350 749 698 939 100
712 717 649 751 73.4 100
SL4 74.1 69.9 732 744 69.1 100
CB13 672 723 67.1 675 622 72.1 100
CB14/GR7 | 719 737 724 726 66.7 77.1 79.2 100
CB19 726 754 707 719 662 809 753 903 100
CB20 7277 756 707 719 663 809 7538 89.9 995 100
bIBB29 778 7577 706 712 683 741 677 @ 68.1 68.6  68.8 100
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Legends of Figures and Table 3

Figure 1. Schematic representation of the genomic organization of phages belonging to the 936
group. Each line represents a different phage genome and each arrow represents a putative
protein. Each genome was compared only with the successive genome in this figure. ORFs of the
same color represent those that share more than 80% amino acid identity. The percentages have
been calculated for the smallest proteins. The white ORFs are unique. Grey shading connects
genome regions conserved in all phages. Finally, arrows with thick outlines represent structural
proteins observed on SDS-PAGE and identified by mass spectrometry or by N-terminal

sequencing (for protein identification of phage bIL170, see references 9 and 33).

Figure 2. Schematic representation of the genomic organization of lactococcal phages SL4,
CB13, CB14/GR7, CB19, and CB20. Each line represents a different phage genome and each
arrow represents a putative protein. The ORFs in black or grey represent those that share 100%
amino acid identity. Arrows in white indicate proteins that share less than 100% amino acid

identity.

Figure 3. (A) Analysis of the structural proteins of phages SL4, CB13, CB14, CB19, and CB20
by SDS-PAGE. The M is the Broad Range Protein Marker (BioRad). The numbers represent the
proteins identified by mass spectrometry. (B) Electron micrograph of phage CB19. (C) Electron
micrograph of SL4. (D) Identification of the phage structural proteins by nano-HPLC coupled

with tandem mass spectrometry.

Table 3. Coordinates of phage CB19 ORFs and representative ORFs in the other 936-type
phages. The percentages have been calculated for the smallest proteins. Bolded ORFs represent

those of the CB19 genome that comprise part of the core-genome of the 936 group.



Strand ORF  Start Stop Size (aa) MW (kDa) pl SD sequence % aa identity Putative function
AGAAAGGAGGT SL4 CB13 CB14/GR7 CB20 P008 bilL170 ski jj50 712 blBB29
+ 1 266 790 174 19.9 5.1 AGAAAGGATAALATG | ORF1, 98 ORF1, 98 ORF1, 100 ORF1, 98 ORF1, 96 11, 97 ORF1, 97 ORF1, 97 ORF1, 97 ORF1, 95 | Terminase small subunit
+ 2 787 1017 76 9.0 4.0 GCACCAGAGGGatttgaATG | ORF2, 96 ORF2, 97 ORF2, 100 ORF2, 97 - - - - - -
+ 3 1029 2651 540 63.0 6.0 AGAAAGGTAATgaATG | ORF3, 98 ORF3, 97 ORF3, 100 ORF3, 97 ORF2, 97 12, 95 ORF2, 97 ORF2, 98 ORF2, 97 ORF2, 97 | Terminase large subunit
+ 4 2641 2925 94 11.2 9.1 AGAAATGGCGGtgtcagATG | ORF4, 98 ORF4, 100 ORF4, 100 ORF4, 100 ORF3, 95 13, 97 ORF3, 96 ORF3, 96 ORF3, 96 ORF3, 98 | HNH endonuclease
+ 5 2938 4074 378 43.3 5.0 AGAAAGGGGAAaaaTTG | ORF5, 96 ORF5, 97 ORF5, 95 ORF5, 100 ORF4, 94 14, 94 ORF4, 92 ORF4, 92 ORF4, 92 ORF4, 96 | Portal protein
+ 6 4055 4591 178 19.9 4.6 AGAAAGGACGTaacaagcacagATG | ORF®6, 98 ORF®6, 96 ORF®6, 99 ORF6, 100 ORFS5, 98 15, 98 ORFS5, 98 ORFS5, 97 ORF5, 97 ORF5, 97 | Prohead protease
+ 7 4584 5765 393 43.7 5.5 ATTGAGGATATtaaaaagaaatATG | ORF7, 93 ORF7, 98 ORF7, 96 ORF7, 100 ORF®6, 95 16, 95 ORF®6, 95 ORF®6, 95 ORF®6, 96 ORF6, 94 | Minor structural protein
+ 8 5786 6049 87 10,0 6.2 AAAACGGAGGAagtaaATG | ORFS8, 98 ORF8, 96 ORF8, 96 ORF8, 100 ORF8, 98 18, 98 ORF7, 98 ORF7, 96 ORF7, 97 ORF7, 96
+ 9 6049 6363 104 11.8 9.0 ATTATGGAGGTatttaATG | ORF9, 95 ORF9, 94 ORF9, 92 ORF9, 100 ORF9, 94 19, 90 ORF8, 92 ORFS8, 96 ORF8, 93 ORFS8, 95
+ 10 6353 6691 112 12.9 4.2 AGAGGGGGTCGtaagtaATG | ORF11, 94 ORF10, 96 ORF10,92 | ORF10,100 | ORF10, 91 110, 93 ORF9, 96 ORF9, 91 ORF9, 91 ORF9, 93
+ 11 6682 7047 121 13.7 10.2 GTGCAGGTGGTcaaccATG | ORF12, 97 ORF11, 95 ORF11,93 | ORF11,100 | ORF11, 96 111, 94 ORF10, 98 ORF10, 95 ORF10, 95 ORF10, 95
+ 12 7104 9074 656 71.3 5.2 ACAATAATGGTatttittaATG - ORF12, 33 ORF12,40 | ORF12,100 | ORF12, 63 112, 85 - - ORF12, 53 - Neck passage structure
ORF16, 18
+ 13 9098 10003 301 32.6 4.9 AAAAAGGAAAAtaaaaaATG | ORF13, 94 ORF13, 91 ORF13,96 | ORF13,100 | ORF13, 92 113, 93 ORF11, 93 ORF11, 92 ORF11, 85 ORF11, 85 | Major capsid protein
+ 14 10041 10316 91 10.6 4.9 TAAAGGGATATaaaacaaaATG | ORF14,98 | ORF14,100 | ORF14,97 | ORF14,100 | ORF14, 100 114, 100 ORF12,98 | ORF12,100 | ORF13,100 | ORF13, 97
+ 15 10336 10848 170 19.9 4.8 TGAGAGGGCTGtgaATG | ORF15, 97 ORF15, 96 ORF15,97 | ORF15,100 | ORF15, 97 115, 98 ORF13, 95 ORF13, 98 ORF14, 95 ORF14, 97
+ 16 10848 13838 996 105.6 9.1 AGAAAGGGTATgtaATG | ORF16, 97 ORF16, 86 ORF16,85 | ORF16,100 | ORF16, 75 116, 76 ORF14, 82 ORF14, 81 ORF15, 74 ORF15, 77 | Tape measure protein
+ 17 13838 14734 298 34.4 5.5 ACTAGGGAGGGcttaATG | ORF17, 92 ORF17,94 | ORF17,100 | ORF17,100 | ORF17,92 117, 91 ORF15, 92 ORF15, 92 ORF16, 86 ORF16, 95
+ 18 14734 15861 375 42.8 5.1 AGAAAGGCGGActtcgtttaATG | ORF18, 94 ORF18, 94 ORF18,95 | ORF18,100 | ORF18, 92 118, 91 ORF186, 91 ORF186, 91 ORF17, 91 ORF17, 92
+ 19 15851 16144 97 11.4 9.3 AGAAAGTGGAGacaaaccaaATG | ORF19, 97 ORF19,97 | ORF19,100 | ORF19,100 | ORF19, 96 119, 96 ORF17, 96 ORF17, 94 ORF18, 96 ORF18, 96
+ 20 16134 16943 269 29.1 5.7 TCAAGAAAGGTtaaaaATG | ORF20, 88 ORF20, 87 | ORF20, 100 | ORF20, 100 | ORF20, 45 120, 46 ORF18, 75 ORF18, 76 ORF19, 59 ORF19, 32 | Receptor-binding protein
+ 21 16965 17318 117 13.5 6.3 AGAAAGCAAAAtaaaATG | ORF21, 88 ORF21, 96 ORF21,96 | ORF21,100 | ORF21, 90 121, 87 ORF19, 92 ORF19, 90 ORF20, 91 ORF20, 89 | Holin
+ 22 17315 18019 234 26.0 5.7 CAAACGGAGGAtaaaaaagaATG | ORF22,98 | ORF22,100 | ORF22,100 | ORF22, 100 | ORF22, 76 122, 76 ORF20, 67 ORF20, 68 ORF21, 68 ORF21, 76 | Endolysin
- 23 18613 18464 49 6.0 8.5 CAACTAGAAGTatagegTTG | ORF23, 89 ORF23,59 | ORF23, 100 | ORF23,100 | ORF23, 61 e36, 85 p21, 91 - ORF23, 83 ORF22, 87
- 24 18940 18674 88 10.2 4.6 AAATTAAAGGTatgaatagATG | ORF25, 96 ORF24,93 | ORF24,100 | ORF24, 100 | ORF25, 93 e33, 93 ORF21, 95 ORF21, 95 ORF24, 85 ORF25, 90
- 25 19460 19113 115 13.5 9.1 ATAATTGAGGTtatagcataATG | ORF26, 85 ORF25,79 | ORF25,100 | ORF25,100 | ORF26,66 e31, 65 ORF23, 90 ORF22, 90 ORF26, 73 ORF27, 81
- 26 19627 19460 55 6.9 5.8 AGACAGGAGTAatcggataATG | ORF27, 90 ORF26,90 | ORF26,100 | ORF26, 100 | ORF27, 90 €30, 90 ORF24, 35 ORF23, 35 ORF27, 35 ORF28, 42
- 27 19803 19627 58 6.8 10.3 AGAAAGCTAGTgaataatATG | ORF28, 96 ORF27,91 | ORF27,100 | ORF27,100 | ORF28, 88 e29, 90 - - - ORF29, 90
- 28 19996 19805 63 71 10.2  AGAAAGTTTTGgtgaaaaaataaATG | ORF29, 93 ORF28,88 | ORF28, 100 | ORF28, 100 - - - - - -
- 29 20295 20038 85 9.8 5.0 GAAAAGGAGGTtaaataGTG | ORF30, 91 ORF29,96 | ORF29,100 | ORF29, 100 | ORF29, 68 €28, 65 ORF25, 88 ORF24, 86 ORF28, 75 ORF30, 69
- 30 20676 20368 102 121 4.6 GGCTTGGAGGTaacatctaATG | ORF31, 94 ORF32,96 | ORF30, 100 | ORF30, 100 | ORF33, 82 e24, 91 ORF26, 80 ORF25, 78 - ORF33, 83
- 31 20795 20676 39 4.1 8.4 ATAAATATAGGagaacaaaATG | ORF32, 92 ORF33,89 | ORF31, 100 | ORF31,100 | ORF34, 62 e23, 89 ORF27, 79 ORF26, 79 - ORF34, 79
- 32 21095 20853 80 9.7 6.7 CGAAAGGAAGTaaatagATG | ORF33, 88 ORF35,88 | ORF32,100 | ORF32, 100 - e21, 85 ORF30, 86 ORF29, 83 ORF29, 88 ORF36, 85
- 33 21206 21096 36 3.8 9.4 ATAAAGGAGCGatacaATG - ORF36, 100 | ORF33, 100 | ORF33, 100 - el9, 91 sk1p32, 94 - ORF30, 86 -
- 34 21555 21241 104 11.9 4.6 ACTATGGTGGTatcgtctaATG | ORF34, 92 ORF37,90 | ORF34,100 | ORF34, 100 | ORF35, 86 el7,88 ORF31, 83 ORF30, 86 - ORF38, 82
- 35 21746 21555 63 7.4 6.5 GGAAAGAGGAAaaATG | ORF35, 93 ORF38,90 | ORF35,100 | ORF35, 100 - - - - - -
- 36 22338 21826 170 20.3 9.7 ATATATGAGGGagtattATG | ORF36, 98 ORF39,98 | ORF36, 100 | ORF36, 100 | ORF37, 94 el5, 91 ORF32, 91 ORF31, 91 ORF32, 96 ORF39, 91
- 37 22547 22335 70 8.3 4.7 GGAAAGTTGGTttcATG | ORF37, 95 ORF40,92 | ORF37,100 | ORF37,100 | ORF38, 92 el4, 92 ORF33, 92 ORF32, 92 ORF33, 91 ORF40, 94
- 38 22922 22563 119 13.0 5.0 AGAGGGAAAATaaaaaATG | ORF38, 100 | ORF41,90 | ORF38,100 | ORF38, 100 | ORF39, 92 el3, 94 ORF34, 92 ORF33, 92 ORF34, 94 ORF41, 88
- 39 23549 22926 207 23.9 6.7 CAAATGGAGAAaaaaATG | ORF39, 61 ORF42,63 | ORF39, 100 | ORF39, 100 | ORF40, 61 el2, 92 ORF35, 96 ORF34, 95 ORF35, 63 ORF42, 91 | Sak protein
- 40 24046 23546 166 19.2 9.6 AGAAAGAGGAGaaaATG - - ORF40, 100 | ORF40, 100 - ell,94 - - - - HNH endonuclease
- 41 24299 24033 88 10.5 7.8 TATTAGAAAGTtcatttATG | ORF40, 91 ORF43,90 | ORF41, 100 | ORF41,100 | ORF42, 86 el0, 94 ORF38, 76 ORF37, 84 ORF38, 76 ORF43, 88
- 42 24543 24256 95 11.7 10.0 ATAAAGGAGAAataATG | ORF41, 91 ORF44, 95 | ORF42,100 | ORF42,100 | ORF43, 93 e9, 92 ORF39, 95 ORF38, 97 - ORF44, 93
- 43 | 24853 24596 85 10.1 9.1 AGCAAGGAAAGgtaacagaaaATG | ORF43, 94 ORF45,88 | ORF43,100 | ORF43,100 | ORF45, 87 e7,87 ORF41, 89 ORF40, 89 ORF40, 88 ORF46, 89
- 44 25742 24846 298 34.2 5.7 CTAAAGGAGAAagaaATG | ORF44, 45 ORF47,45 | ORF44, 100 | ORF44,100 | ORF47, 96 eb, 45 ORF43, 43 ORF42, 44 ORF42, 95 ORF47, 46 | DNA polymerase subunit
- 45 25947 25786 53 6.2 6.5 AGAAAAGGAGAaaatATG | ORF45, 90 - - ORF45, 100 | ORF48, 92 - - - ORF45, 76 -
- 46 26957 26769 62 7.6 9.6 TTATAGGAGGTaactATG | ORF47, 93 ORF50, 91 ORF47,91 | ORF46, 100 | ORF52, 85 el, 90 ORF50, 88 ORF45, 85 ORF49, 85 ORF50, 91
+ 47 26988 27215 75 8.5 4.9 ATAAAGAGTATaacataaaATG | ORF48, 97 ORF51, 95 ORF48,92 | ORF47,100 | ORF53, 97 m1, 95 ORF51, 95 ORF46, 95 ORF51, 90 ORF51, 95
+ 48 27220 27351 43 5.2 4.9 TTAAGGGAGAAtaaagaaATG | ORF49, 93 ORF52, 90 ORF49,93 | ORF48,100 | ORF54, 93 m2, 90 ORF52, 93 ORF47, 93 ORF52, 93 ORF52, 95
+ 49 27348 27827 159 17.9 6.8 TGAATTGAGTTctgatttATG | ORF50, 96 ORF53, 95 ORF50,96 | ORF49, 100 | ORF55, 96 m3, 92 ORF53, 96 ORF48, 94 ORF53, 94 ORF53, 91 | Holliday junction endonuclease
+ 50 27828 27995 55 6.2 6.5 AGAAAGTCAGGataagtaaATG | ORF51, 96 ORF54, 91 ORF51,96 | ORF50,100 | ORF56, 98 m4, 98 ORF54, 100 | ORF49,100 | ORF54,92 | ORF54, 100
+ 51 28416 28556 46 5.3 11.2 AGATAAGGGAGaagcaaATG | ORF52, 97 ORF55, 86 ORF52,86 | ORF51,100 | ORF58, 76 - - - - -
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SL4 CB13 CB14 CB19 CB20
G
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Protein  ORF MM (kDa) Putative function

1 Estimated SDS-PAGE
1 16 105.7 /4.7 Tape measure protein
2 17 53.3 48.8 Unknown function
3 5 43.5 38.9 Portal protein
4 20 29.0 29.2 Receptor binding protein
5 12 79.4 80.3 Neck passage structure protein
6 16 105.6 198.1 Tape measure protein
/ 12 /1.3 143.5 Neck passage structure protein
8 12 71.3 62.4 Neck passage structure protein
9 18 42.8 44.0 Unknown function

10 5 43.3 42.3 Portal protein

11 17 34.4 34.6 Unknown function

12 20 29.1 29.8 Receptor binding protein



