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ARTICLE INFO ABSTRACT

Keywords: Mesophilic starter cultures rely on the activity of lactic acid bacteria such as Lactococcus lactis and Lactococcus

L““"':‘_’“m cremoris to acidify milk in dairy fermentations. Bacteriophage infection of starter bacteria remains one of the

g;‘“er“_’?hage most significant threats to a successful fermentation, as they may cause costly disruptions and loss of production.
unavirus

The exclusively virulent skunaviruses represent one of the most problematic lactococcal phage genera in dairy
fermentation facilities and have consequently been studied extensively in recent decades. In the present study,
the diversity of lactococcal phages in whey samples originating from fermentations employing undefined mes-
ophilic starter cultures was assessed by culture-dependent phage screening, targeted isolation based on predicted
receptor binding protein specificity, and phage RBP-activated cell sorting (PhRACS). Through these approaches,
26 distinct Skunavirus isolates were characterized and their genomes were sequenced. A comparative genomic
analysis and structure predictions of the proteins encoded by these 26 phages identified genes that encode tail-
associated proteins with novel carbohydrate-binding domains. Furthermore, host range analysis revealed a clear
correlation between specific Skunavirus receptor binding protein phylogroups and the cell wall polysaccharide-
associated genotype of the corresponding host strain. Finally, phageome-derived Skunavirus contigs were ana-
lysed to determine the diversity of phages present in the dairy fermentation facilities.

Receptor binding protein
Carbohydrate binding domains
Phageome

processes (Gobbetti et al., 2015; Tamang et al., 2016). For large-scale
industrial fermentations, LAB typically form the basis of starter cul-
tures which can possess a defined (small number of strains in a known

1. Introduction

Bacteriophages (or phages) are viruses that infect and replicate

within bacteria, and that occupy practically every ecological niche on
Earth (Hendrix et al., 1999). One niche where they interfere with human
food production activity is the dairy fermentation environment. Dairy
fermentations primarily rely on the activity of members of the lactic acid
bacteria (LAB), such as particular species of Lactococcus, Leuconostoc,
Lactobacillus, Pediococcus, Enterococcus and Streptococcus, to acidify milk
or to contribute to flavour formation during the maturation and ripening

composition) or undefined (unknown number of strains in an unknown
combination) composition (Daly et al., 1996). Fermentations are also
characterized based on their optimal growth temperature and can be
classified as either thermophilic or mesophilic (Johnson, 2013). Meso-
philic starter cultures tend to incorporate various lactococcal strains,
typically Lactococcus lactis and Lactococcus cremoris, while they may also
contain Leuconostoc spp. (Li et al., 2021).
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Extensive efforts focused on characterising the diversity of dairy
lactococcal phages have led to the identification of ten distinct taxo-
nomic groups (Deveau et al., 2006). In fermentation environments, the
three most frequently encountered lactococcal phage groups are the
exclusively virulent skunaviruses (previously termed the 936 group
phages) and ceduoviruses (previously termed the c2 group phages), and
the P335 phages whose members can either be virulent or temperate
(Mahony et al., 2017b, 2012; Millen and Romero, 2016). Infection of
starter cultures by virulent lactococcal phages causes slow or failed
fermentations, resulting in substantial economic losses (Samson and
Moineau, 2013). Despite extensive research efforts to solve “the phage
problem” over the past four decades, they remain a considerable chal-
lenge in the fermentation sector. The dominance of skunaviruses in
global mesophilic dairy fermentations is reflected by the dominance of
genomes of these lactococcal phages in public databases, i.e. there are
currently 217 complete Skunavirus genomes published in GenBank
(https://www.ncbi.nlm.nih.gov/labs/virus/; as of June 3, 2025)
(Jolicoeur et al., 2023; Mikli¢c and Rogelj, 2003; Moineau et al., 1996,
1992; Murphy et al., 2013; Oliveira et al., 2018; Szczepanska et al.,
2007). However, studies investigating phage populations associated
with artisanal cheese whey samples have found higher instances of so-
called “rare” lactococcal phage groups such as Audreyjarvisvirus (previ-
ously the 949 group phages) and Teubervirus (previously termed the
P087 group phages) (Mahony et al., 2017a).

The dominance of lactococcal skunaviruses in industry, paired with
the availability of extensive genomic data, has facilitated thorough
analysis of their genome architecture, functional assignments, host in-
teractions and 3-D structure reconstructions of individual proteins and
protein complexes (Bebeacua et al., 2013; Chmielewska-Jeznach et al.,
2018; Mahony et al., 2013; Murphy et al., 2016; Sciara et al., 2010).
Skunaviruses, like other siphovirus phages, possess an isometric capsid
and a long, non-contractile tail (Casey et al., 1993). These are double-
stranded (ds)DNA-containing phages with genomes ranging in size
from ~26-32 kb, with a modular genetic architecture comprised of re-
gions involved in DNA packaging, capsid and tail morphogenesis, and
cell lysis (late-expressed genes) and replication (early and middle-
expressed genes) (Bebeacua et al., 2013; Bidnenko et al., 1998; Bou-
chard and Moineau, 2004; Chandry et al., 1997; Haaber et al., 2009;
Scaltriti et al., 2013, 2010). The genome architecture of the Skunavirus
tail morphogenesis module is well conserved, and typically incorporates
genes encoding the major tail protein, tail tape measure protein (TMP),
distal tail protein (Dit), tail-associated lysin (Tal), and receptor binding
protein (RBP). However, there is notable sequence diversity within
confined regions of certain genes encoding the host recognition device
within the morphogenesis module (Castro-Nallar et al., 2012). Within
the Skunavirus genome, three distinct regions have been identified that
exhibit relatively high genetic diversity: the first (~2 kb) corresponds to
the late-expressed region encompassing the neck passage structure
protein-encoding gene; the second region (~2 kb) contains the late/
early gene expression junction (encoding the TMP, RBP, holin, lysin, and
early expressed genes of unknown function) with the highest level of
sequence variation within the gene encoding the RBP, while the third
region (~2.5 kb) encompasses the start of the early-expressed region
and entire middle-expressed region (Castro-Nallar et al.,, 2012). In
addition, these regions of genetic diversity have been correlated with a
higher recombination rate suggesting the important role of recombina-
tion (in addition to point mutations) in generating genetic novelty and
diversity of, and associated adaptation by skunaviruses (Castro-Nallar
et al., 2012).

The Skunavirus host adsorption apparatus or baseplate, located at the
distal end of the phage tail, consists of a heteropolymeric assembly of
Dit, Tal, and RBP subunits, with Dit forming a hexameric ring in which
an RBP trimer attaches to each Dit monomer (Sciara et al., 2010). In
skunaviruses, the C-terminal “head” domain of the RBP is responsible for
the specific recognition of and binding to a surface-exposed host re-
ceptor moiety thereby commencing phage infection (Bebeacua et al.,
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2013). The RBP may be supported by auxiliary carbohydrate binding
module (CBM)-containing proteins, located either at the distal end of the
phage tail or proximal end as so-called “whiskers” that can form a neck
passage structure or as translationally programmed protein extensions
of the major tail protein (Hayes et al., 2019; Sciara et al., 2010). One
example of these proteins includes the so-called “evolved” Dit proteins
which possess an insertion encoding a CBM which has previously been
shown to promote host binding (Hayes et al., 2018; Millen et al., 2023).
CBM s present in the RBP and auxiliary binding protein facilitate binding
to the lactococcal cell surface-exposed saccharidic receptor, also known
as the cell wall polysaccharide (CWPS), which consists of a relatively
conserved rhamnan backbone and a variable side chain, the latter also
referred to as the polysaccharide pellicle or PSP (Ainsworth et al., 2014;
Chapot-Chartier et al., 2010; Dupont et al., 2004; Mahony et al., 2013).
There is considerable sequence diversity within the cwps gene cluster,
responsible for the biosynthesis of these two CWPS elements, and this is
consistent with the compositional and structural diversity of the asso-
ciated CWPSs of lactococcal strains (particularly that of the surface-
exposed PSP) (Chapot-Chartier et al., 2010; Mahony et al., 2020; Par-
lindungan et al., 2024; Sadovskaya et al., 2017).

In a previous study, the diversity among phages present in whey
samples collected from various European dairy fermentation facilities
employing mesophilic, undefined starter cultures was investigated
through phageome analysis with a particular focus on RBP genotypes
and RBP-associated binding specificities (White et al., 2025). To further
expand upon the prevalence and diversity of phages present in these
fermentation facilities, we herein report on the isolation, genome
sequence analysis, and characterisation of 26 skunaviruses isolated from
these whey samples. These phages were isolated through both culture-
dependent and -independent techniques. The phylogeny of these novel
Skunavirus isolates was investigated in relation to publicly available
Skunavirus genomes. Skunavirus RBP head domains were shown to be
correlated with the CWPS genotype of phage-sensitive hosts, as vali-
dated by binding studies. In addition, phageome-derived Skunavirus
contigs obtained from the same samples were investigated to determine
the presence of additional (partial) phage genomes that may be under-
represented in culture-based screening approaches. Assessing both the
diversity of cwps (sub)types of strains within a starter culture as well as
the RBP diversity of the Skunavirus population present within dairy
fermentation facilities, will assist in risk management of the potential
impact of phage infection on the associated starter cultures.

2. Materials and methods
2.1. Bacterial strains, bacteriophages, and growth conditions

Bacterial strains used in this study are presented in Supplementary
Table S1. Lactococcal strains were grown overnight at 30 °C in M17
broth (Millipore Sigma Aldrich, Gillingham, UK) supplemented with 0.5
% lactose (LM17). Phages were propagated on appropriate host strains
in LM17 broth supplemented with 10 mM CaCly (Millipore Sigma
Aldrich, Gillingham, UK) and incubated at 30 °C until lysis occurred.
Phage lysates were filtered through a 0.45 pm filter (Sarstedt, Niim-
brecht, Germany) and stored at 4 °C. Plaque assays were performed
using the previously described double agar method for both phage
isolation and host range analysis (Lillehaug, 1997).

2.2. Screening and isolation of phages from dairy-associated whey
samples

32 whey samples (Supplementary Table S2) were acquired from
dairy fermentation facilities employing undefined mesophilic starter
cultures (typically supplemented with additional strains/cultures)
where diminished milk acidification activity of starter cultures had been
observed, indicating the presence of phage(s). These samples were
collected between 2019 and 2023 and originated from dairy facilities
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located in seven countries across Europe (Spain, Austria, France, Poland,
Sweden, Denmark, and Czech Republic). The whey samples were
screened for the presence of phages that infect strain(s) from a collection
of 92 isolates (previously isolated from mesophilic undefined starter
cultures M1 and M2; isolates listed in Supplementary Table S3) repre-
senting four cwps genotypes (23 isolated of each of the C;-C4 subtypes).
Whey samples were also screened against representative strains (from an
in-house strain collection) of cwps B and D genotypes (Supplementary
Table S1). Whey samples were filtered using 0.45 pm filters prior to
phage screening to remove residual bacterial debris and stored at -20 °C
until use. In a 96-well plate (Sarstedt), 20 pl of a fresh overnight culture
was added to a well containing 150 pL. LM17 broth supplemented with
10 mM CaCly and 20 pl of a given filtered whey sample diluted 1:20 in
SM buffer [50 mM Tris-HCl, 100 mM NaCl, 10 mM MgSO4, 10 mM
CaCl,]. A second plate using 20 pl SM buffer in place of filtered whey
was prepared as a positive control for growth. Plates were incubated at
30 °C and were visually examined for lysis (by comparison to the un-
infected control), initially after 6 h and following overnight incubation
for the presence of presumed phage infection.

Twenty one phage-host combinations, which allowed attainment of a
high titre (sufficient for DNA extraction and genome sequencing, typi-
cally >107 pfu/ml), and which represented a spread of geographic
sampling locations (six countries: Denmark, France, Poland, Spain,
Sweden, and Austria) and hosts and host cwps genotypes (17 distinct
hosts covering four host cwps genotypes, C; to C4), were selected for
further analysis. Lysates of potential phages (in which culture lysis was
observed either during the first 6 h or complete lysis following overnight
incubation) were diluted in SM buffer (1:10), filtered (0.45 pm), and
spotted on its corresponding host to validate the presence of phages
through double layer plaque assays (Lillehaug, 1997). Phages were
propagated from a single plaque against an appropriate lactococcal host.
A single plaque was added to 10 mL of LM17 (supplemented with 10 mM
CaCly) concurrently inoculated with 100 pl of the appropriate host (from
a fresh overnight culture) and incubated at 30 °C until lysis had
occurred. Phage lysates were filtered through a 0.45 pm filter and stored
at 4 °C. The selected phages were genotyped using a previously
described multiplex PCR system capable of identifying Skunavirus,

Table 1

Characteristics of the skunaviruses isolated from whey samples as part of this study.
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Ceduovirus, and P335 phages (Labrie and Moineau, 2000).

2.3. Phage DNA extraction, genome sequencing, assembly, and
annotation

Genomic DNA of selected phages (Table 1) was extracted from 2 mL
of fresh phage lysate (>10® PFU/mL) using the Norgen Biotek Phage
DNA isolation kit (Norgen Biotek, Ontario, Canada) according to the
manufacturer’s instructions. Phage genome sequences were determined
by GenProbio srl (Parma, Italy) using a MiSeq platform (Illumina Inc.,
San Diego, CA, USA) according to the supplier’s protocol. Phage genome
libraries were prepared using an Illumina Nextera XT DNA Library
Preparation Kit (Illumina Inc.). Libraries were quantified using a fluo-
rometric Qubit quantification system (Life Technologies, USA), and
loaded on a 2200 TapeStation instrument (Agilent Technologies, USA).
Sequencing was performed using the Illumina MiSeq platform with a
600-cycle flow cell version 3 (Illumina Inc.).

Fastq files of Illumina paired end reads (250 bp) obtained from phage
sequencing efforts were used as input for genome assembly. The SPAdes
program v3.14 was used for de novo assembly of phage sequences with
the pipeline option “-careful” and a list of k-mer sizes of
21,33,55,77,99,127 (Bankevich et al., 2012). Contigs were then
employed by MEGAnnotator2 (Lugli et al., 2023) for the prediction of
protein-encoding open reading frames (ORFs) using Prodigal (Hyatt
et al., 2010). Predicted ORFs were functionally annotated by means of
DIAMOND against the NCBI RefSeq database and INTERPRO (Jones
et al., 2014) against the PFAM database. Furthermore, tRNA genes were
identified using tRNAScan-SE version 2.0 (Chan et al., 2021).

2.4. Comparative analysis of phage genomes and characterisation of
adhesion proteins

Comparison of individual phage proteins was performed by all-
against-all, bi-directional BLASTp using default parameters (Altschul
et al., 1990). Multiple alignment of the nucleotide sequences (or protein
sequence) of isolated skunaviruses genomes or proteins in this study and
previously sequenced Skunavirus members were performed using

Phage Host cwps type Year of collection (whey) Genome size (bp) GC% No. ORFs Best Hit (% coverage, % nt ID) GenBank Accession #
AD1-ME6 Cy 2019 29,359 34.84 52 37,201 (79, 94.02) PV941749
AM2-MF12 Cy4 2020 29,999 34.58 57 Phil29 (82, 95.42) PV941750
AN3-MA5 Cy 2020 29,514 34.65 52 FB3 (84, 94.49) PV941751
AN4-MF5 Cy 2020 30,334 34.58 52 38,503 (75, 90.44) PV941752
AO-4 Ce 2020 30,371 35.31 54 16,802 (89, 94.36) PV941753
AO-MA1 Cy 2020 32,986 34.80 56 fd13 (81, 93.31) PV941754
AO-MH4 Cy 2020 27,071 35.00 48 66,901 (90, 93.26) PV941755
AV6-MC5 Cy 2020 31,100 34.42 56 PhiG (80, 95.08) PV941756
BA6-B* B 2020 29,963 35.08 57 p272 (84, 93.73) PV941757
BA6-ME1 C; 2020 29,849 34.46 55 p272 (85, 94.96) PV941758
BA6-MF12 Cy 2020 29,899 34.59 58 62,601 (81, 92.30) PV941759
BB4-D* D 2020 29,715 34.84 53 38,507 (78, 88.52) PV941760
BB4-MB5 Cy 2020 29,444 34.88 51 Phi4 (82, 94.45) PV941761
BB4-MG12 Cy 2020 29,565 35.13 53 Phi29 (86, 95.12) PV941762
BB4-SC34 B 2020 31,874 35.20 57 P475 (84, 95.08) PV941763
BD-MC7 Cs 2021 30,707 35.14 51 645 (72, 95.17) PV941764
BD-MH5 Cy 2021 30,681 34.53 54 fd13 (82, 93.94) PV941765
BQ-1 Cs3 2022 30,717 35.10 52 79,201 (84, 95.62) PV941766
BR-MC7 Cs 2022 30,590 35.10 50 645 (72, 95.16) PV941767
BZ-MH2 C; 2022 30,909 34.66 53 PhiG (94, 96.39) PV941768
CA-MA6 Cay 2023 30,197 34.61 53 PhiG (83, 94.98) PV941769
T1-MF3 Cy 2019 29,716 34.90 51 P4565 (76, 94.78) PV941770
T1-MH4 Cy 2019 29,002 35.26 52 66,901 (88, 92.19) PV941771
V1-MA6 Cy 2019 30,346 34.84 57 16,802 (79, 93.18) PV9o41772
V2-MB6 Cy 2019 30,279 34.66 51 37,301 (76, 93.92) PV941773
V2-MF8 Cs 2019 29,823 35.25 50 P680 (77, 95.55) PV941774

* Isolated from laboratory strains, this study.

T Isolated by PhRACS, previous studies (Casey et al., 2022) and (White et al., 2025).
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ClustalW V2.1 software (Thompson et al., 1994). A phylogenetic tree
was generated using the neighbour-joining method and bootstrapped
with 1000 replicates. Both rooted and unrooted phylogenetic trees were
visualised using iTOL v6 software (https://itol.embl.de/).

Additionally, 216 publicly available complete Skunavirus genomes
were retrieved from the NCBI virus database (https://www.ncbi.nlm.
nih.gov/labs/virus/) and annotated using the Pharokka v1.7.5 pipe-
line (Bouras et al., 2023) alongside the 26 Skunavirus genomes
sequenced within the context of this study. Based on the gff3 annotation
output files generated by Pharokka, the Roary (https://github.com/sang
er-pathogens/Roary) pipeline (Page et al., 2015) was then used to
calculate the pangenome of the 242 Skunavirus genomes with the
following options employed the roary script: -s (don’t split paralogs) and
-i 50 (minimum percentage identity for BLASTp was set to 50 %). A
binary matrix containing the presence/absence of each gene cluster was
computed and used as an input for the MeV suite (v 4.9.0) (Saeed et al.,
2003). The produced matrix was analysed using a two-way hierarchical
clustering (HCL) to group phage genomes according to their similarity at
protein level.

CAGECAT version 1.0 web platform (https://cagecat.bioinformatics.
nl/tools/clinker) was used to generate alignment of phage genomes
(Gilchrist and Chooi, 2021). Putative orphan methyltransferases (MTa-
ses) were analysed using REBASE (http://rebase.neb.com/rebase/reba
se.html) (Roberts et al., 2009).

Skunavirus RBPs and auxiliary host binding proteins that contain
CBMs (i.e. NPS, major tail protein extension (TpeX), and Dit) were
identified from the Skunavirus genomes based on BLASTp analysis using
default parameters, with an alignment (E-value) cut-off value of 0.0001
and greater than 50 % identity across at least 50 % of the amino acid
sequence (Altschul et al., 1990). Protein sequence and structure ho-
mology analysis was performed using HHpred (Homology detection and
structure prediction by HMM-HMM comparison) using default setting,
in order to identify CBMs within Skunavirus RBPs and auxiliary binding
proteins (Soding et al., 2005). Sequence alignments of the auxiliary host
binding proteins were performed using Multalin (http://multalin.toul
ouse.inra.fr/multalin/) (Corpet, 1988) using sequences identified in
this study and previously sequenced phages retrieved from the NCBI
virus data base (https://www.ncbi.nlm.nih.gov/labs/virus/).

2.5. Structure prediction of phage structural proteins

Structural predictions of select auxiliary host binding proteins (NPS
and Dits) of representative skunaviruses were performed by AlphaFold3
via google servers (https://golgi.sandbox.google.com) (Abramson et al.,
2024). The final predicted protein or domain structures were submitted
to Foldseek or Dali servers to identify closest structural homologs in the
protein database (PDB) (Holm, 2022; van Kempen et al., 2024). Visual
representations of predicted structures were prepared with ChimeraX
(Pettersen et al., 2021).

2.6. Phageome analysis of cheese whey samples

The presence or absence of closely related Skunavirus genomes in 27
whey viromes [previously sequenced (White et al., 2025)] was deter-
mined through reads mapping. CoverM v0.4.0 (https://github.co
m/wwood/CoverM; “contig” mode) was employed to determine the
covered fraction of a corresponding Skunavirus genome- or phageome-
derived contig. The reads mapped to the contigs with identity >95 %
and coverage >95 %, and only the contigs/genomes where >90 % of
their length was covered by reads are reported. Hadamard scores, which
represent a quantitative evaluation of the average nucleotide identity
(ANI) and coverage between DNA sequences, were calculated using the
ANIm method from pyANI (https://github.com/widdowquinn/pyani)
(Pritchard et al., 2016) in order to assess overlaps between isolated/
sequenced phages and phageome-derived contigs.
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2.7. Transmission electron microscopy (TEM) of selected skunaviruses

Phage lysates of isolates T1-MH4 and V2-MF8 were purified on a
discontinuous 3 M & 5 M cesium chloride (CsCl) gradient and were
dialysed against SM buffer as previously described (Sambrook et al.,
1989). Following cesium chloride purification, the phage samples were
fixed to a carbon film on a grid for 20 min, washed twice with distilled
water and stained with 2 % uranyl acetate. The images were captured
using a Talos L120C transmission electron microscope (ThermoFisher
Scientific, Eindohoven, The Netherlands) and a CETA 16 M camera
(ThermoFisher Scientific) at an accelerating voltage of 80 kV. Length/
width measurements of the phages were performed using ThermoFisher
Scientific Velox software (v3.9.0).

2.8. Determination of host range and correlation with cwps genotype

To investigate possible correlations between the RBP phylogroups
and corresponding host cwps genotypes, the host range of the 26 sku-
naviruses was determined using a panel of 45 strains whose speciation
and cwps genotype had previously been determined (Supplementary
Table S1). The host range strain panel was made up of a selection of 26
strains used in the original 92 isolate screening panel, while the
remaining strains were sourced from our in-house strain collection (the
cwps type and species of each strain are listed in Supplementary
Table S1). Host range analysis was performed using spot assays, where
10 pl of each phage lysate (diluted 1:10 to achieve titres of between 10°
and 10° PFU/mL) was spotted onto LM17 double-layer agar plates
(supplemented with 10 mM CaCly) containing 200 pl of the selected
lactococcal strains (from fresh overnight cultures). After incubation
overnight at 30 °C, plates were examined for the presence of a zone of
lysis and individual plaques were counted. The efficiency of plaquing
(EOP) was calculated by dividing the titre of the phage (PFU/ml) on the
tested strain by the phage titre on its respective propagating strain.

3. Results
3.1. Skunaviruses dominate whey-derived phage populations

To assess the presence and diversity of lactococcal phages in
fermentation facilities employing undefined mesophilic starter cultures,
phage screening was conducted on 32 whey samples (Supplementary
Table S2) collected from facilities where the presence of phage(s) had
been suspected due to slowed fermentation (milk acidification) issues.
These 32 whey samples were collected from factories in Spain (four
samples), Austria (one sample), France (four samples), Poland (three
samples), Sweden (one sample), Denmark (18 samples), and Czechia
(one sample) between 2019 and 2023. Although the exact composition
of the undefined starter culture(s) employed in each factory at the time
of sample collection is not known, two mesophilic starter cultures (M1
and/or M2) used for the production of various semi-hard cheeses, fer-
mented milk (e.g., viili, kefir, and twardg) and fresh cheeses (e.g., quark)
may have been employed in some of these facilities as part of a starter
culture rotation system. In a previous study, M1 and M2 had been shown
to be primarily composed of lactococcal strains (White et al., 2024) and
the cwps genotypic composition of these starter cultures was determined
through culture-based analysis, metagenomics, and qPCR. A panel of 92
lactococcal isolates [as previously described (White et al., 2024)], rep-
resenting the four most dominant cwps types (23 isolates for each of the
C1-C4 subtypes) present in these undefined cultures.

Through this analysis, it was established that 29 of the 32 whey
samples assessed (representing 90.6 % of samples) exhibited presump-
tive phage activity against at least one lactococcal strain in the panel
based on lysis observed in wells inoculated with isolates compared to
uninfected controls (Fig. 1). This phage screening yielded a total of 268
(of 2944 combinations tested) potential phages based on the observed
culture lysis: 16 against C; isolates, 94 against C; isolates, 53 against C3
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Fig. 1. Phage screening results of whey samples against a panel of lactococcal strains. Presumptive phage activity is indicated by coloured squares or absence of
activity by black squares. The 22 phage-positive wells (yielding 26 distinct Skunavirus isolates) selected for further analysis are indicated by a black circle within a
coloured square. Colouring of the squares is indicative of the cwps genotype of the isolate the phage activity was against; yellow for C;, orange for Cy, pink for Cs, and

purple for C, isolates.

isolates, and 105 against C4 isolates. Of the 92 bacterial isolates
employed in the screening panel, 63 (68 %) were infected by at least one
presumptive phage. The three whey samples causing lysis of the largest
number of isolates (Fig. 1) were samples BQ (43 of 92 isolates), BV (36 of
92 isolates), and CA (31 of 92 isolates); all of which were isolated in
2022 from factories in Spain (BQ) or Denmark (BV and CA).

Of these 268 presumptive phage-positive whey sample-host combi-
nations, 21 were selected as a representation of the assessed geographic
locations and host cwps genotypes for phage screening, purification, and
subsequent genome sequencing. Following confirmation of phage pres-
ence through plaque assays, individual plaque isolates were propagated
on their corresponding sensitive lactococcal host to a high titre (at least
107 pfu/mL). The phages were initially characterized through multiplex
PCR typing capable of identifying Skunavirus, Ceduovirus, and P335
phages, revealing that all 21 selected phages represent Skunavirus
members.

Previous analysis of the diversity of RBP genotypes present in the
phageome of these whey samples (White et al., 2025), indicated the
presence of phages capable of infecting strains possessing a wide variety
of cwps genotypes (such as B and D-types), although such strains had not
been isolated from the starter cultures (White et al., 2024). Therefore, to
isolate such phages, targeted phage detection was conducted using whey
samples BA6 and BB4 against strains possessing B and D cwps types from
our in-house strain collection. BA6 was used in screening against four
different B-type lactococcal strains, allowing the isolation of a phage
capable of infecting IL1403 (phage BA6-B). Two D-type strains, L. lactis
184 and 18-16, were used for the targeted detection of a D-type infecting
phage leading to the isolation of a phage capable of infecting L. lactis 18-
16 from whey BB4 (phage BB4-D).

The so-called phage RBP-activated cell sorting (PhRACS) approach
had previously been employed for the isolation of three low abundance
(Casey et al., 2022) and novel phage-host combinations (White et al.,
2025). The genomes of the associated three skunaviruses, i.e. BB4-SC34
(B-type), AO-4 (Cg), and BQ-1 (C3), were sequenced in addition to the 23
skunaviruses isolated above yielding a total of 26 sequenced Skunavirus
genomes.

3.2. Modular differences observed across Skunavirus genomes

The genomes of the 26 selected Skunavirus members ranged in length
from 27.1 to 33.0 kbp (30.1 kbp on average) and possessed between 48
and 58 ORFs (53.2 on average) with a consistent genome architecture.
The genome sequences were first compared to publicly available ge-
nomes (available in NCBI as of June 2024) through BLASTn analysis
(using default parameters) to determine their relatedness/novelty
(Table 1).

A phylogenetic tree was generated from the nucleotide sequences of
212 publicly available Skunavirus genomes (those indicated as a com-
plete nucleotide sequence on submission), combined with the 26 novel
Skunavirus genomes from this study (Fig. 2). With the inclusion of the
dairy streptococcal Moineauvirus SW8 as an outgroup, five major
branches of skunaviruses can be discerned (Fig. 2). The majority (14 of
26) of the skunaviruses isolated in this study cluster within one of these
five major branches (which also includes previously described skuna-
viruses PhiG, PhiJF1, PhiF0139, and PhiF.17 isolated from dairy facil-
ities in the Netherlands (Murphy et al., 2016, 2013)) with the remaining
12 genomes being spread among the remaining four branches, thus
reflecting the genetic diversity of skunaviruses isolated from the various
dairy fermentation facilities. In addition, the skunaviruses isolated from
the whey samples appear to cluster independently of the geographical
origin of the phages (Fig. 2; Supplementary Fig. S1). Overall, the 26
Skunavirus genomes represent a diverse collection of skunaviruses when
compared to the nucleotide sequences of other publicly available Sku-
navirus genomes (Fig. 2).

To further investigate the genome content and diversity of skunavi-
ruses, a Skunavirus core genome was determined using the Skunavirus
genomes sequenced within this study and complete genomes available
in the NCBI database. The core genome was determined to contain 28
core genes, present in all 242 Skunavirus genomes analysed (Supple-
mentary Fig. S1; Supplementary Table S4). This resembles previous MCL
analyses of Skunavirus genomes which reported a total of 29 core genes
(Frantzen and Holo, 2019; Murphy et al., 2016). Slight differences in the
reported core genomes may be attributable to the increase in genomes,
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shared assemble parameters in the current study, and/or the sensitivity
of the current approach. A notable difference is the lack of the ssDNA
binding protein the core genome of the current study, which is missing
from a single phage, Skunavirus 56,301. However, it was determined
that Skunavirus 56,301 does encode a ssDNA binding protein, albeit one
that is distinct from the other skunaviruses (<50 % amino acid identity).

16 Skunavirus genomes, believed to be representative of the five
genetic clusters mentioned above, were used to create a schematic
overview of the organisation and sequence relatedness of the whey-
isolated Skunavirus genomes (Fig. 3). The genetic elements involved in
DNA packaging, host recognition and binding, virion morphogenesis,
and lysis are well conserved among these Skunavirus genomes. However,
there is considerable genetic diversity within the regions that specify the
host binding machinery (RBPs and auxiliary binding proteins) in these
phages. Certain core genetic elements (with known functions) found in
the early- and middle-expressed regions such as the genes encoding
single-stranded DNA binding (SSB) protein, recombinase Sak (sensitivity
to AbiK) protein, and a RuvC-like Holliday endonuclease are highly
conserved among the genomes, which is consistent with previous studies
(Murphy et al., 2016). In addition, the majority of Skunavirus genomes
(21 out of 26) analysed in this study encode one or more putative orphan
methyltransferase(s) (MTases) within the replication region and six
possess additional methyltransferase-encoding gene(s) within the DNA
packaging module. A previous study found that MTases encoded within
the packaging module in skunaviruses (Phil45 and Phi93) provided
protection against host-encoded restriction endonucleases (Murphy
et al.,, 2014). However, there is limited similarity between the six
MTases encoded within the DNA packaging module identified in the
analysed phage genomes and those in the previous study that were
determined to provide protection against R-M systems of a particular

!3’!%%5 §§

Fig. 2. Phylogenetic tree of 238 Skunavirus genomes. Phage phylogeny and maximum-likelihood tree was constructed based on multiple alignments of publicly
available whole genome sequences and the 26 skunaviruses sequenced as part of this study (names are highlighted in yellow) using ClustalW and iTOL. The
identified, visually apparent five major branches of skunaviruses are highlighted in distinct colours. The dairy streptococcal Moineauvirus SW8 was included as
an outgroup.
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specificity. Therefore, the REBASE webtool (http://rebase.neb.com/re
base/rebase.html) was used to predict the type and specificity of all
putative MTases (Supplementary Table S5). The closely related skuna-
viruses BD-MC7, BR-MC7, and BQ-1 all share two genes encoding
identical MTases within the DNA packaging module and neither shared
substantial identity (<32 %) with any known MTase in the database
(Supplementary Table S5). The three remaining skunaviruses (AO-MA1,
T1-MF3, and BB4-MG12) each encode one distinct MTase (sharing
<67.87 % amino acid identity to MTases encoded in the skunaviruses
sequenced within this study) in their DNA packaging module. Phages
AO-MA1 and BB4-MG12 each encode an MTase (AO-MA1_02 and BB4-
MG12_02; Supplementary Table S5) which shares significant sequence
identity (97 %) with Type II MTases M.PspTAD18ORF83P (which rec-
ognizes the sequence CTSAG) and M.Lph93Dam (which recognizes the
sequence GATC), respectively. The remaining MTase (T1-MF3_02) most
closely matched to M.PspTAD18ORF83P as well, though with lower (69
%) sequence identity.

3.3. Identification and characterisation of Skunavirus carbohydrate
binding modules

Skunavirus binding to the surface-exposed saccharidic host receptor
is facilitated by the phage-encoded RBP, and this function is often sup-
plemented by auxiliary binding proteins encompassing CBMs. These
auxiliary CBMs may be associated with the distal tail protein (Dit), major
tail protein (TpeX), and/or neck passage structure (NPS), and have been
found to complement and aid in host cell binding (Hayes et al., 2019,
2018).
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Fig. 3. Schematic representation of the genetic architecture of 16 newly sequenced skunaviruses. Arrows represent predicted genes which are colour-coded based on
the presumed functions of the encoded proteins indicated in the panel at the bottom of the figure. Genome alignments were generated using Clinker (https://cagecat.

bioinformatics.nl/tools/clinker).
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3.4. Diversity of phage-encoded receptor binding proteins

Skunavirus RBPs are comprised of head (which incorporates a car-
bohydrate binding site that facilitates receptor binding), neck, and
shoulder domains. These RBPs have been categorised into distinct
phylogenetic groups, which are based on varying levels of amino acid
sequence similarity within the C-terminal region of the RBP (which
encompasses the head domain), and which correspond to the CWPS of
the strain to which the phage can bind, thus being an important host
range determinant (Mahony et al., 2013; Murphy et al., 2016; White
et al., 2025). To categorise the Skunavirus RBPs identified in this study,
the C-terminal ~110 residues of the newly identified RBPs were aligned
against the head domains of all available Skunavirus RBP sequences (a
total of 359 RBP sequences; Fig. 4). The majority of the newly isolated
skunaviruses (18 of 26) encode group I RBPs (11 subgroup IA, four
subgroup IB, and three subgroup IC RBPs). Additionally, two RBPs were
found to belong to group III, four to group X, one to group VI, and one to
group VIII. How the RBP group of a particular Skunavirus relates to its
host range will be discussed further below.

3.4.1. Novel carbohydrate binding modules are present in certain distal tail
proteins

The presence and diversity of auxiliary CBMs present in the phage
genomes sequenced in this study were evaluated (Table 2). Lactococcal
Dits can be classified as classical or evolved, where evolved Dits are

11 dnoig 4
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larger and typically contain an additional CBM. Evolved Dit-associated
CBMs have been found to possess the same host specificity as their
corresponding RBP and were previously found to belong to one of four
classes (Hayes et al., 2018). Of the 26 skunaviruses, five were found to
possess evolved Dits (Table 2). Three phages (BA6-B, BB4-D, and AO-4)
possess Dits that are similar to one of the previously described evolved
Dit classes (Table 2; Supplementary Fig. S2). However, two phages (T1-
MH4 and AO-MH4) both possess the same CBM insertion in their
respective Dit proteins, though this CBM shares limited amino acid
sequence identity (<70 %) with other lactococcal Dit proteins and we
therefore propose this to represent a novel class (Class 5 Dit) of evolved
Dit proteins (Supplementary Fig. S2). AlphaFold3 was used to predict
the baseplate structure of T1-MH4 which includes the novel Class 5
evolved Dit (Fig. 5). Structure predictions of the T1-MH4 Dit revealed
that it is most closely related to an uncharacterised protein encoded in
the genome of a non-motile facultative anaerobic Leptotrichia spp.
Transmission electron microscopy images of T1-MH4 did not yield any
discernible feature associated with the distal tail region of this phage
(Supplementary Fig. S3).

3.4.2. Structural diversity of Skunavirus neck passage structures

Many skunaviruses have been found to encode neck passage struc-
tures (NPS), which form a collar-whisker complex attached to the phage
portal and which (may) contain CBM(s) that aid in host binding (Hayes
et al.,, 2019; Vegge et al., 2006). Previous studies have indicated the

@® Group VI

Subgroup 1A ® Group VIl
B Subgroup IB I Subgroup VIIA
B Subgroup IC B Subgroup VIIB
M Subgroup ID ® Group VIII
Group Il ® Group IX
@ Group lll ® Group X
Group IV ® Group XI
® GroupV
Subgroup VA

B Subgroup VB

Fig. 4. Phylogenetic tree of the C-terminal domain of the 359 Skunavirus RBP sequences. Relevant RBP sequences were aligned and grouped together based on
sequence similarity and correspond to host cwps (where possible). Structural representations of the RBP groups (I, III, VI, VIII, and X) the phageome-derived phage

isolates belong to were generated using AlphaFold3.
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Table 2
Types of auxiliary carbohydrate domains observed in the genomes of 26 sequenced skunaviruses.
Phage Host CWPS Type RBP Group NPS TpeX Dit
Group Size (aa) Subgroup Size (aa) Type Size (aa)

BA6-ME1 Cy 1B vi 224 Classical 298
T1-MF3 C1 1B B 672 Classical 298
BZ-MH2 Cy 1B A 656 Classical 298
AO-MA1 C 1B I 804 Classical 298
V2-MB6 Cy 1A A 676 Classical 298
AN3-MA5 Cy 1A B 666 Classical 298
AN4-MF5 Cy 1A A 676 Classical 298
V1-MA6 Cy 1A B 672 Classical 298
T1-MH4 Cy 1A 14 208 Class 5 498
AV6-MC5 Cy 1A B 676 Classical 298
BB4-MB5 Cay 1A B 666 Classical 298
AD1-ME6 Cy 1A A 676 Classical 298
BD-MH5 Cy 1A A 676 Classical 298
AO-MH4 Cy 1A 1’4 227 Class 5 498
CA-MA6 Cy 1A A 676 Classical 298
BB4-MG12 Cy IC I 193 Classical 298
AM2-MF12 Cy IC I 206 Classical 298
BA6-MF12 (o 1C I 206 Classical 298
BA6-B B III I 211 Class 3 470
BB4-SC34 B 111 B 641 I 204 Classical 298
BB4-D D VI Class 2 486
AO-4 Ces VIII B 672 Class 3 474
V2-MF8 Cs X H 924 I 187 Classical 298
BQ-1 Cs X J 658 I 175 Classical 298
BD-MC7 C3 X J 658 1 175 Classical 298
BR-MC7 Cs X J 658 I 175 Classical 298

Novel CBM groups, subgroups, and types identified in this study are in bold-face text and italicised.

presence of seven (group A-G) NPS groups corresponding to distinct
neck passage structures and/or limited amino acid sequence identity
(Hayes et al., 2019). 13 (of 18 possessing an NPS) skunaviruses were
found to possess Group A or B NPS structures (Table 2). The NPSs of the
remaining five phages share limited amino acid identity with other
Skunavirus NPS proteins and were, therefore, considered novel NPSs.
These novel NPS groups will be referred to as Groups H, I, and J (Sup-
plementary Table S6). The structural predictions (generated using
AlphaFold3) of these novel groups, as well as representatives of groups A
and B, are shown in Fig. 6 A-E. Structural prediction of Skunavirus V2-
MF8 novel NPS yielded a unique structure which was found to encode
three distinct CBMs at the C-terminal end: a five-blade f-propeller,
trimeric TP901-1 RBP-like domain, and Tuc2009 BppA (Fig. 6E).
Notably, the p-propeller structurally resembles the Glutaminyl Cyclase
from Xanthomonas campestris (based on Dali server returns). Skunavirus
V2-MF8 was therefore assessed by electron microscopy for its morpho-
logical characteristics (Fig. 6F). Collar structures and whiskers with
small, bobble-like structures were clearly visible resembling the
whisker-like appendages with small terminal knots observed in certain
skunaviruses (such as Phil5 and PhiG, for example (Murphy et al.,
2013)). The observed whiskers were 23.04 + 4.44 nm (n = 19) in length
with the associated whisker balls being about 9.474 + 1.188 nm (n =
17) wide (Supplementary Table S7). The Type J NPS of Skunavirus BQ-1
contains two distinct domains, one resembling the structure of Strepto-
coccus pneumoniae peptidoglycan deacetylase and the other a
S. pneumoniae fucose-binding module (based on Dali server returns;
Fig. 6C). The C-terminal domain of the Type I NPS of Skunavirus AO-
MA1 contains a unique domain most closely structurally resembling
the beta-1,3-glucanase from Phanerochaete chysosporium gluconolactone
complex (based on Dali server returns; Fig. 6D).

3.4.3. Sequence diversity of the major tail extension protein

Finally, 12 skunaviruses encode a major tail extension (TpeX) pro-
tein which results in the presence of additional decorations along the
tail, and which have also been found to exhibit the same host specificity
as their corresponding RBP, with more favourable binding at the cell
poles where division occurs (but with significantly reduced affinity)

(Hayes et al., 2019; Murphy et al., 2016). There are currently four
defined TpeX subgroups that all correspond to the Tuc2009 BppA CBM,
but vary in amino acid composition and/or length (Hayes et al., 2019).
12 of the skunaviruses characterized in this study encode a TpeX, of
which the majority (9/12) represent members of subgroup I. The
remaining three TpeX proteins, incorporating a Tuc2009 BppA domain,
form two novel subgroups. Two TpeX proteins (encoded by phages T1-
MH4 and AO-MH4) cluster closely together and form a novel sub-
group V, while the remaining TpeX (from phage BA6-ME1) forms sub-
group VI (relation to previous TpeX subgroups is summarised in
Supplementary Table S8).

3.5. Linking Skunavirus RBPs to host range

To further understand the link between the host range of skunavi-
ruses and their corresponding RBP, host range analysis of the 26 isolated
skunaviruses was undertaken against a panel of 45 lactococcal strains
(26 coming from the original 92 isolate screening panel, the remaining
from in-house strain collections; strains listed in Supplementary
Table S1) possessing various cwps genotypes (A, B, C;1-Cg, and D-types)
and correlated to their defined RBP groups (Fig. 7; Supplementary
Table S9). A strict correlation was observed between the Skunavirus RBP
(sub)group and the cwps-type of the lactococcal strain they infect, being
consistent with previous studies (Hayes et al., 2019; Mahony et al.,
2013; White et al., 2025). For example, all skunaviruses with group I
RBPs were found to infect C-type strains; with subgroup IA infecting Cy-
type strains, subgroup IB mainly infecting C;-type strains, and IC
infecting C4-type strains (White et al., 2025). However, a Skunavirus
with a subgroup IB RBP was also capable of infecting three Cy-type
strains (Fig. 7). Therefore, this host range analysis supports and sup-
plements the most recent study by White et al. on RBP specificity as
determined through fluorescent binding assays, where the binding
specificity of subgroup IB RBPs could not be elucidated through fluo-
rescent binding assays (White et al., 2025).
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Fig. 5. Predicted structures of the Dit-Tal-RBP assemblies associated with the baseplate of two whey-derived skunaviruses (V2-MF8 and T1-MH4) as predicted with
AlphaFold3. The baseplates of Skunavirus V2-MF8 and T1-MF8 corresponding to a classical Dit and a novel Class 5 evolved Dit. The Dit is coloured purple, the Tal
blue, and the RBP yellow. The CBM of the evolved Dit of T1-MF8 is circled in red.
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Fig. 6. Predicted neck passage structure proteins of isolated whey-derived skunaviruses as determined with AlphaFold3. Structural predictions of representative NPS
proteins encoded by sequenced skunaviruses: (A) Type A (V2-MB6), (B) Type B (BB4-SC34), (C) Type J (BQ-1), (D) Type I (AO-MA1), and (E) Type H (V2-MF8). (E) A
close-up view of three distinct CBMs found within the Type H NPS. (F) Micrograph of Skunavirus V2-MF8 (Type J) with arrows marking the whiskers with small
bobble-like structures that alongside collar structures make up the neck passage structure of the phage.

3.6. Combinatorial approach to investigate phage diversity reveals
additional phage diversity

Initial analysis of phage diversity present in these fermentation fa-
cilities was conducted through virome sequencing and subsequent
phageome analysis of 27 (of the 32) whey samples focused on investi-
gating the diversity and binding specificity of Skunavirus RBPs present in
the phageomes (White et al., 2025). Here, to complement the traditional
approach of phage isolation and sequencing, complete (or nearly com-
plete, i.e. >25.0 kbp) Skunavirus genomes from the whey phageome
assemblies were identified (Table 3) and aligned against the sequenced
Skunavirus genomes. From the analysed 27 whey phageome assemblies,
only 11 distinct (within a sample) complete or nearly complete Skuna-
virus genomes were identified. These contigs ranged in length from 25.7
to 30.8 kbp and were identified in the phageome obtained from 11
samples (AD1, BP, V2, AE3, AI3, AN3, AV6, BD, BA6, BB4, and BZ). To
determine if any of these retrieved contigs closely resembles any of the
isolated/sequenced phages, Hadamard scores (product of average
nucleotide identity (ANI) and coverage) were generated for each iso-
lated/sequenced Skunavirus against the 11 phageome-derived Skunavi-
rus contigs (Supplementary Fig. S4). In addition, a phylogenetic tree of

11

the genomes of the microbiologically isolated skunaviruses as well as
phageome-derived Skunavirus contigs was generated (Supplementary
Fig. S4). Validated by manual inspection, it was determined that two
phageome-derived Skunavirus contigs, Contig AE3-1 and Contig_AI3-1,
are essentially identical to the isolated (and subsequently sequenced)
skunaviruses V1-MA6 (Hadamard score 1.00) and CA-MA6 (Hadamard
score 0.98), respectively. Additionally, two phageome-derived Skuna-
virus contigs, Contig_AN3-1 and Contig_BD-1, are nearly identical to the
genomes of skunaviruses V1-MA6 (Hadamard score 0.90) and BD-MC7
(Hadamard score 0.84), respectively. The virome contigs correspond
to identical regions of the respective phages, with the complete assem-
blies of the two phageome-derived contigs the likely cause of Hadamard
scores below 1 (due to reduced query coverage). The seven remaining
phageome-derived Skunavirus contigs therefore correspond to skunavi-
ruses that were not isolated within this study by means of cultivation-
based techniques. This therefore demonstrates that phage diversity
was not fully covered by the traditional (i.e. cultivation-based) isolation
and sequencing method described herein. Moreover, the identification
of 11 near-complete phageome-derived Skunavirus contigs in 27 whey
phageomes reveals the limitations of a “metagenomics-only” approach
to investigate phage diversity. This may be due to a need to increase
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Fig. 7. Host range of the 26 skunavirus isolated within this study. Host range was determined by spot testing against a panel of 45 lactococcal strains (strains belong
to the species L. cremoris, unless otherwise indicated in the figure). Skunavirus names are coloured according to their RBP group. Squares are colour-coded based on
the calculated EOP of a phage against a particular strain (indicated in the figure legend) relative to its propagating host (indicated by a black circle within a square).
Detailed EOP information summarised in this figure is presented in Supplementary Table S9. White squares indicate no infection. Black squares indicate infection by a
phage determined by lysis in broth that does not produce visible plaques.

Table 3
Characteristics of eleven phageome-derived contigs.

Phageome-derived Year of collection Genome size GC% Best Hit (% coverage,% ntID) ~ No. ORFs GenBank Accession

ti h b

contig (whey) (bp) Late Early Middle Total

Contig AD1-5 2019 28,321 35.01  vB_Llc bIBB24tpl (76, 94.17) 21 26 4 51 PV941775

Contig_AE3-1 2020 30,747 35.12 16,802 (79, 93.18) 21 31 4 56 PV941776

Contig AI3-1 2020 30,315 34.86  PhiG (83, 95.04) 22 27 6 55 PV941777

Contig AN3-1 2020 27,314 35.18  FB6 (87, 89.70) 18 30 4 52 PV941778

Contig AV6-1 2020 26,492 35.12  2RO06A (72, 94.07) 20 27 4 51 PV941779

Contig BA6-1 2020 29,666 35.25  p272 (84, 92.99) 21 29 5 55 PV941780

Contig BB4-1 2020 30,105 35.00 RMS (79, 90.83) 22 25 5 52 PV941781

Contig BD-1 2021 25,726 35.34  CHPC964 (76, 91.49) 15 25 3 43 PV941782

Contig BP-1 2021 30,841 34.75  Phi4 (76, 94.83) 23 29 4 56 PV941783

Contig BZ-1 2022 29,052 35.31  vB_Llc_bIBBF12 (98, 96.24) 21 30 4 55 PV941784

Contig V2-1 2019 30,670 3501  GP13 (81, 93.75) 22 30 4 56 PV941785
sequencing depth (an average sequencing output of 3.7 million high To garner further insights into the phage diversity present in the 27
quality reads was generated per sample Supplementary Table S2), or due whey samples for which virome data was available, the isolated/
to difficulties in accurately assembling closely related and mosaic Sku- sequence and phageome-derived Skunavirus genomes/contigs were
navirus genomes. mapped against the raw virome reads to determine which skunaviruses
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(or very closely related ones) may be present in which dairy fermenta-
tion facilities (Fig. 8). Certain skunaviruses such as V1-MA6 and CA-
MAG®, for example, appear (with >99 % covered bases) to be persistent
in the Danish dairy facilities being present in eight and four different
whey viromes, respectively, collected between 2019 and 2021. Other
skunaviruses, such as T1-MH4 and BB4-MB5 (or very closely related
phages), may be associated with the undefined starter cultures as they
are present in several whey samples across (five and four of the six
countries, respectively) geographical locations. In certain cases, phages
(for example BA6-MF12 and AN3-MAS5) that were isolated from a
particular whey sample during the phage screening process outlined in
this study were not identified in the same corresponding whey viromes
(but were detected in other virome samples). In addition, two of the
isolated phages (BB4-MG12 and BZ-MH2) were not identified in any
whey virome. This may be due to the phages being in lower abundance
or due to limitations associated with virome extractions and sequencing.

N, 20 QDM
AR
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4. Discussion

Phage infection remains one of the main challenges in dairy
fermentation systems, typically resulting in slowed fermentations
(Samson and Moineau, 2013). In particular, skunaviruses remain the
most endemic and problematic lactococcal phage group in facilities
utilising mesophilic starter cultures (mainly composed of L. lactis and
L. cremoris strains) (Mahony et al., 2012). Several decades of research
has underpinned the current depth of understanding of this group of
virulent lactococcal phages in relation to their genetic, morphological,
and molecular characteristics (Jolicoeur et al., 2023; Miklic and Rogelj,
2003; Moineau et al., 1996, 1992; Murphy et al., 2013; Oliveira et al.,
2018; Szczepanska et al., 2007). Consistent screening and monitoring of
phage populations associated with starter cultures and/or fermentation
facilities is essential to minimise the impact and assess the risk of phage
infection of starter cultures. Phage screening has traditionally been
performed through culture-dependent methods (Bissonnette et al.,
2000; Chmielewska-Jeznach et al., 2018; Jolicoeur et al., 2023; Murphy
et al., 2013; Oliveira et al., 2018), and although this is a widely used
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approach, culture-dependent methods of phage detection only capture
the dominant and propagatable phages present in a sample. Meta-
genomics, and more recently viromics/phageomics, have been utilised
to determine phage prevalence and diversity in a number of ecological
niches (Colombo et al., 2018; Dugat-Bony et al., 2020; Paillet et al.,
2024).

The development of more targeted methods to retrieve viral particles
and associated nucleic acids have substantially improved phageome
analysis, particularly in dairy settings (Muhammed et al., 2017).
Furthermore, the assembly of virome data into high-quality phage ge-
nomes is highly challenging due to the modular and mosaic nature of
many phage genomes (Roux et al., 2017; Sutton et al., 2019). Viral
metagenome assembly tools, such as Phables (Mallawaarachchi et al.,
2023), have significantly improved scientific endeavours to uncover
viral diversity based on sequence information. In the current study,
phage biodiversity in whey samples obtained from several dairy
fermentation facilities across Europe employing mesophilic undefined
starter cultures was assessed. Twenty-six novel and distinct skunaviruses
were identified through traditional culture-dependent phage screening
methods, targeted isolation based on predicted RBP specificity, and
PhRACS. Based on the RBP diversity uncovered in these whey samples
through a previously reported phageome analysis (White et al., 2025),
culture-independent analysis was used to guide or facilitate culture-
based isolation of phage-host combinations, indicating that a combina-
tional approach to phage screening will yield a more comprehensive
view of phage diversity present in a sample. However, as the binding
specificity of several RBP groups remains undefined (White et al., 2025),
it was not possible to retrieve the complete complement of phage-host
combinations present in the dairy fermentation facilities investigated
within this study. Nevertheless, as more lactococcal strains are isolated
and their genomes sequenced, novel cwps gene clusters (and associated
structures) will likely be identified. Additionally deeper metagenomic
sequencing may allow identification of low abundance lactococcal ge-
nomes harbouring rare cwps clusters within complex microbial com-
munities (White et al., 2024).

Phylogenetic analysis revealed substantial genomic diversity be-
tween the skunaviruses isolated within the study, with the 26 genomes
represented in all five major phylogenetic branches of skunaviruses
(Fig. 2, Supplementary Fig. S1). Additionally, it is important to note that
although the isolated skunaviruses were shown to cluster independently
of the geographic location of their corresponding fermentation facility,
14 of these skunaviruses clustered within one of the five major branches.
The presence of closely related phages in distinct factories may be the
result of similar strains being present in the undefined mesophilic starter
cultures used in disparate locations. Alternatively, it is also possible that
phages are associated with starter cultures employed within the dairy
fermentation facilities, resulting in the isolation of distinct (but similar)
phages in disparate locations yet originating from a starter-derived
common ancestor. Host range analysis of these phages was confirmed
and expanded upon the recently established predicted binding speci-
ficity of their associated RBP, by identifying C; CWPS as the primary
receptor target of RBP subgroup IB (White et al., 2025). In addition, a
number of novel CBMs were identified in the NPS, evolved Dit, and
major tail extension proteins of several phages. Of note, two skunavi-
ruses were found to carry nps genes encoding proteins which assemble as
collar and whiskers with small, bobble-like structures similar to those
observed in other skunaviruses (Fig. 5 A and B) (Murphy et al., 2013).
These collar structures associated with the NPS also resemble the KIS
(LL-K insertion sequence) elements previously identified in Lactobacillus
delbrueckii phages (Casey et al., 2014). A notable difference is that in the
case of Lb. delbrueckii phages, the apparent NPS is encoded across two
open reading frames (Forsman and Alatossava, 1994), whereas they are
encoded by a single gene (nps) for the lactococcal phages (McGrath
et al., 2006). The observed generalist binding capabilities of the NPS of
skunaviruses (Hayes et al., 2019) augments the likelihood of a phage
being in proximity to a suitable host thereby playing an auxiliary role in
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phage infection. The diversity of identified Skunavirus RBPs continues to
increase (White et al., 2025), possibly reflecting the continuous adap-
tation and evolution of these phage components in order to keep up with
diversifying host receptors (Hayes et al., 2019; Mahony et al., 2013;
Murphy et al., 2016). In the present study, genetic and subsequent
structural diversity was observed in the CBMs of auxiliary binding
proteins including Dit and TpeX. In accordance with previous studies,
these genome regions (tail morphogenesis, RBP, and NPS) are consid-
ered diversity hotspots (Castro-Nallar et al., 2012). Skunavirus RBPs
represent the primary determinant of a phage’s host range, with addi-
tional CBMs presumed to contribute to the host-binding process (Hayes
et al., 2019, 2018). The auxiliary binding protein TpeX is associated
with the presence of additional decorations along the phage tail while
NPS proteins form a collar-whisker complex attached at the head-tail
interface of the phage (Hayes et al., 2019). CBMs present in both the
NPS and TpeX have previously been found to bind favourably towards
the polar ends of a host cell (where cell division occurs) maintaining the
same host specificity as their corresponding RBP (although with reduced
affinity) (Hayes et al., 2019). However, in the current study, skunavi-
ruses encoding subgroup IC, group III and group X RBPs, were found to
encode the same subgroup I TpeX (Table 2). In addition, with the
emergence of novel CBMs being present in the TpeX, NPS, and Dit it may
be necessary to re-examine whether these CBMs always maintain the
same host specificity as their RBP or if they may aid in expanding a
phage’s host range. Interestingly, it has recently been shown that
evolved Dits in skunaviruses aid in adsorption to exopolysaccharide
(EPS) receptors (Millen et al., 2023).

To complement a culture-based phage isolation and characterisation
as described here, 11 complete (or nearly complete) phageome-derived
Skunavirus contigs generated from previously described phageome as-
semblies (White et al., 2025) were compared to the 26 isolated/
sequenced Skunavirus genomes. The depth of sequencing used in the
current study (average 3.7 M quality filtered reads per sample) is
consistent with other fermentation viromes studied recently (Dugat-
Bony et al., 2020; Muhammed et al., 2017). However, deeper virome
sequencing, perhaps complemented by long read sequencing, is likely to
improve the accuracy and completeness of assembled phage genomes
from virome data. Additionally, a major limitation of phageome
sequencing is the difficulty in assembling genomes of closely related
phages within a population. Nonetheless, our analysis highlights both
the limitations and benefits of applying culture-dependent or -inde-
pendent analysis methods in isolation. Culture-based analysis of phage
diversity is biased towards the strains used during screening and isola-
tion. Whereas culture-independent analysis does not allow for further
biological investigation of phages (i.e. host range analysis) and is con-
strained by sequencing depth and available assembly pipelines
(Mallawaarachchi et al., 2023; Roux et al., 2017; Sutton et al., 2019).

Overall, there is a significant evolutionary benefit to the apparent
elasticity of Skunavirus genomes; with genetic acquisitions, alterations,
and modifications (particularly within their tail morphogenesis module)
ensuring their continued success (Castro-Nallar et al., 2012). The
intertwined evolutionary relationship between skunaviruses and their
cognate hosts also drives the ever-expanding diversity observed within
lactococcal cwps gene clusters (Mahony et al., 2020; Parlindungan et al.,
2024). Therefore, accurate and continuous monitoring of phage pop-
ulations within dairy fermentation systems is likely one of the most
important practices necessary to define both the dominant, low abun-
dance and emerging phages present in a sample. Additionally, the
isolation of lactococcal strains possessing diverse cwps clusters will also
be essential to circumvent phage attacks, particularly in fermentation
facilities employing defined starter cultures. Dissecting the genetic and
functional diversity of lactococcal phages and their hosts is crucial to
improve phage-related risk assessment and consequent predictive and
rational planning capabilities in dairy fermentations.
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5. Conclusion

By investigating the diversity of lactococcal phages present in whey
samples originating from various fermentation facilities employing un-
defined mesophilic starter cultures, 26 Skunavirus were isolated and
sequenced. An extensive host range analysis employing strains corre-
sponding to 11 different cell wall polysaccharide structures further
resolved the specificity of a Skunavirus RBP to a corresponding host cwps
genotype. We conclude that the combination of phageome analysis and
conventional culture-based approaches is likely the most effective route
to developing a holistic view of the phage diversity in fermentation
samples or indeed of phages present in a variety of ecological niches.
Furthermore, it is likely that the benefits of a combinational approach
will increase as nucleic acid extraction, sequencing (depth), and as-
sembly methods of virome/phageome data continue to improve. By
establishing a deeper understanding of both current and potentially
problematic phage populations present in dairy fermentation facilities,
more informed, robust, and efficient culture rotation strategies may be
developed.
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