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Abstract

Despite their huge potential for characterizing the biodiversity of phages, metagenomic studies are
currently not available for dairy bacteriophages, partly due to the lack of a standard procedure for
phage extraction. We optimized an extraction method that allows to remove the bulk protein from
whey and milk samples with losses of less than 50% of spiked phages. The protocol was applied to
extract phages from whey in order to test the notion that members of Lactococcus (Lc.) lactis 936
(now Sklvirus), P335, c2 (now C2virus) and Leuconostoc phage groups are the most frequently
encountered in the dairy environment. The relative abundance and diversity of phages in eight and
four whey mixtures from dairies using undefined mesophilic mixed-strain DL-starter cultures and
defined cultures, respectively, was assessed. Results obtained from transmission electron microscopy
and high-throughput sequence analyses revealed the dominance of Lc. lactis 936 phages (order
Caudovirales, family Siphoviridae) in dairies using undefined DL-starter cultures and Lc. lactis c2
phages (order Caudovirales, family Siphoviridae) in dairies using defined cultures. The 936 and
Leuconostoc phages demonstrated limited diversity. Possible co-induction of temperate P335

prophages and satellite phages in one of the whey mixtures was also observed.

Importance

The method optimized in this study could provide an important basis for understanding the dynamics
of the phage community (abundance, development, diversity, evolution, etc.) in dairies of different
sizes, locations and production strategies. It may also enable the discovery of previously unknown
phages, which is crucial for the development of rapid molecular biology-based methods for phage-
burden surveillance systems. The dominance of only a few phage groups in the dairy environment
signifies the depth of knowledge gained over the past decades, which served as the basis for

designing current phage control strategies. The presence of correlation between phages and the type
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of starter cultures being used in dairies might help to improve the selection and/or design of suitable,

custom and cost-efficient phage control strategies.

Introduction

Mesophilic cheese production relies on the activity of specific strains of lactic acid bacteria (LAB),
employed as so-called starter cultures, to carry out acidification of milk and produce the desired
flavor. Starter cultures may contain one or more strains of Lactococcus (Lc.) lactis subsp. lactis, Lc.
lactis subsp. cremoris, Lc. lactis subsp. lactis biovar. diacetylactis, Leuconostoc (Le.) mesenteroides
subsp. cremoris or Le. pseudomesenteroides (1-4). Depending on the starter culture type, the number
of strains can be single, multiple (up to six strains) or mixed (usually >50 different undefined
strains). Single- and multiple-strain starters are normally defined-strain starters (DSS), unlike mixed-

strain starters (MSS), whose strain composition is largely unknown (2, 3, 5-7).

Bacteriophages (phages) attacking starter cultures are of serious economic concern due to their
negative impact on fermentations (8). In dairies, phages attacking Lc. lactis are the most frequent
causes of delayed or arrested fermentations. Currently, Lc. lactis phages are divided into ten
taxonomic groups, with members of three groups being the most frequently encountered in dairies
(9). These are the virulent 936 (now designated as the Sklvirus genus) and c2 (now designated as the
C2virus genus), and the heterogeneous P335 quasi-species constituting both virulent and temperate
members. The remaining Lc. lactis phage groups (1358, Q54, P087, 949, 1706, P034 and KSY1)
have been isolated much less frequently and more from raw milk rather than from failed

fermentations (9).

Phages attacking Leuconostoc (Le.) species can affect the taste and appearance (e.g., eye formation)

of the final product, but do not normally interfere with the acidification process. They are grouped
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primarily into two major groups, i.e., group | (phages attacking Le. mesenteroides) and group Il

(phages attacking Le. pseudomesenteroides) (10, 11).

The development of an early warning system for the detection of phage attacks requires
understanding of the development, diversity and evolution of phages in the dairy environment, which
in turn necessitates the integration of culture-dependent and culture-independent approaches.
Traditionally, plaque assays, morphological characterization, restriction enzyme analysis, DNA-
DNA hybridization, PCR-based approaches and sequencing have been primarily employed to
characterize emerging phage isolates (6, 9, 12-21). The recent developments of high-throughput
sequencing and metagenomics have intensified knowledge on the dynamics and distribution of
phages in complex ecosystems (8, 22-26). Although it is possible to generate next-generation
sequencing (NGS) libraries from <1 ng DNA (27), dairy phages have so far not been studied by
using these approaches. This is partly due to the lack of a defined method for extracting the phage

DNA from dairy samples.

An established method for the characterization of individual phage isolates is based on a combination
of polyethylene glycol (PEG) precipitation (28, 29) and CsCl-gradient ultracentrifugation (30). Prior
enrichment of the phages using susceptible host strains and subsequent purification provides highly
concentrated phage stocks. CsCl gradients, particularly designed for phages propagated over
susceptible host strains, enable the preparation of ultrapure phage lysates for morphological and
genomic analyses. Adaptation of this method for metagenomic analysis of dairy phage communities
requires several optimizations, as has previously been shown for studies of phage communities in the
human gut (22). Important considerations include the need for adequate sample clarification prior to
PEG-precipitation and the maintenance of the diversity of the phages during subsequent purification
steps, including CsClI gradient ultracentrifugation. Whey samples from fermentation delays or breaks

due to phage attacks of starter strains can, for instance, contain large amount of casein, which is

4
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known to interfere with the phage (DNA) extraction process. Thus, the properties of dairy samples
(presence of bacteria, cell debris, various proteins, contaminating nucleic acids, pH variations, etc.)

would be the primary challenges for the design of a reliable method.

In the present study, we developed a method for dairy phage metagenomics and investigated the
notion that the Lc. lactis 936, P335, c2 and Leuconostoc phage groups are the most frequently
encountered in the dairy environment. We assessed whey samples obtained from whey factories in
Denmark (D) and Ireland (1), and from a dairy in Germany (G) at three time points. The whey from
Denmark and Germany were produced with undefined mesophilic mixed-strain DL-starter cultures
(or simply DL-starter), a subgroup of MSS, whereas those from Ireland were produced with DSS.
We analyzed the relative distribution of different Lc. lactis and Leuconostoc phages and assessed the
overall taxonomic composition. Furthermore, we estimated the diversity of 936 and Leuconostoc
phages based on analysis of the distribution of homologous receptor binding protein (RBP)

sequences.

Materials and Methods

Optimization of isolation of phage communities from whey

Whey mixtures used in this study were stored at -60°C until needed to prevent potential inactivation
of phages. Test whey samples were thawed (in a water bath, <30°C), spiked with ~10° mL™ of
Bacillus subtilis ¢29 (31) and Escherichia coli T4 (32) phages and centrifuged at 300 x g for 5 min.
The supernatant was incubated with 1 M NaCl (w/v) (Sigma Aldrich, USA) for 1 hr at 4°C and the
mixture centrifuged at ~28,000 x g for 15 min (Method 1), filtered by 100-kDa NMWL Amicon
centrifugal filters (Merck Millipore, USA) following the supplier’s recommended procedures
(Method 2) or adjusted to pH ~4.6 using 1 M HCI and/pr 1 M NaOH and centrifuged at ~28,000 x g

for 15 min (Method 3) (see Fig. 1). The supernatant from Methods 1 and 3 was incubated with 10%
5
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PEG 6000 (w/v) (Sigma Aldrich) for 1 hr at 4°C and the phages pelleted by centrifugation at 15,000
x g for 15 minutes. The resultant pellet was resuspended by 1 mL SM buffer (18 mM MgS0O,.7H,0,
0.1 M NaCl, 0.05 M Tris-HCI pH 8.0) and incubated overnight at 4°C. The pellet from Method 3 was
resuspended also by 1 mL SM buffer supplemented with 1.3 g mL™ CsCl (Sigma Aldrich) and
incubated as above. The phage suspension in SM buffer was purified by CsCl block (106,750 x g for
2.5 hrs) and equilibrium (175,000 x g for 22 hrs) gradient ultracentrifugations (both at 15°C), while
that in CsCl-containing SM buffer was purified by a modified two-layer CsCl gradient centrifuged at
106,750 x g for 2.5 hrs at 15°C (Fig. 1). Phages were collected from the portion of the gradient
containing visible bands or corresponding to 1.4-1.5 g mL™ density using a needle installed on a
syringe (the refractive index was measured using a handheld refractometer (Bellingham + Stanley,

UK)). The phage extract was stored at -20°C until needed.

The samples were examined visually for clarity and by the double-agar plaque assay (22, 33) for
recovery of spiked phages following NaCl-centrifugation, PEG-precipitation and CsCl gradient

ultracentrifugation steps.

Isolation of phage communities and electron microscopy

Phages were isolated from 20 mL of whey mixture using Method 3 combined with the modified two-
layer CsCl gradient (see Fig. 1). Whey mixtures D3, D4, D5, G1 and 12 were spiked with ~10° mL™
of 29 and T4 phages prior to isolation, whereas D1, D2, G2, G3, 13, 14 and 15 were isolated without
spiking. The phages were analyzed by Transmission Electron Microscopy (TEM) to assess their
morphotypes. Adsorption of CsCl-purified phage lysates to an ultra-thin carbon film floated on a
freshly coated mica sheet and negative staining with 2% (w/v) uranyl acetate were performed as
previously described (34). The film was applied to a 400-mesh copper grid (Agar Scientific, United

Kingdom) and images of the phages taken using MegaView G2 CCD camera (Emsis, Germany)
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installed onto a Tecnai 10 transmission electron microscope (FEI, The Netherlands) operated at an

acceleration voltage of 80 kV.

Extraction of phage metaviromes

The phage lysate was dialyzed against dialysis buffer (10 mM NaCl, 50 mM Tris-Cl pH 8.0 and 10
mM MgCl,) essentially as described by Sambrook and Russell (35). The pH of the suspension was
adjusted to 7.25+0.25 using 1 M HCI and/or 1 M NaOH and 0.1 volume of 10x DNase | reaction
buffer (10 mM Tris-HCI, 2.5 mM MgCl,, 0.1 mM CaCl,), 50 units mL™ of DNase | (Sigma Aldrich)
and 1 pL mL™ of RNase A solution (R6148, Sigma Aldrich) were added. The mixture was incubated
for 30 min at 37°C and DNase | inactivated by the addition of 10 mM EDTA pH 8.0 and 1% SDS
(both from Sigma Aldrich). The mixture was treated with 50 pg mL™ Proteinase K and incubated at
55°C for 1 hr. Phage DNA was extracted with the GenElute Bacterial Genomic DNA Kit (Sigma
Aldrich) following the manufacturer’s protocol and eluted with 50 pL elution buffer. The DNA was

stored at -20°C until required.

High-throughput sequencing (HTS) and analysis

Phage sequence databases and phylogenetic tree. The genomes of Lc. lactis (936, P335, c2, 1358,
Q54, P087, 949, 1706, P034, KSY1, bIL310, bIL311 and blL312) and Leuconostoc phages available

in GenBank (https://www.ncbhi.nlm.nih.gov/genome/viruses/) until June 15 2016 were downloaded

and, together with genomes obtained from in-house sources, were used to construct phage full-
genome sequence database called db-P. Accessible RBP sequences of 936 and Leuconostoc phages
were used (i) to construct in-house RBP database called db-RBP and (ii) to generate a phylogenetic
tree (parameters: neighbor-joining method, Jukes-Cantor distance measure with bootstrap analysis
with 100 replicates). According to this phylogenetic tree, the RBPs in the db-RBP were separated

into nineteen variants and were later used for estimation of phage diversity (see below).
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Optimization of analysis parameters. Three Illumina NGS sequencing-simulated metaviromes
(mock communities) were constructed to optimize parameters for phage relative abundance and
diversity estimations. Each mock community comprised of one million reads from selected Lc. lactis
936, c2 and Leuconostoc phages (see Table S1). The mock communities were mapped to db-P (CLC
Genomics Workbench 8.5.1, Qiagen, Denmark) and queried against db-RBP variants (Ublast
algorithm (36)) through varying the query length and similarity thresholds until the expected phage
distribution was achieved. The outputs from db-RBP BLAST (amount of reads aligned to each RBP)
were transformed into RPKM (reads per kilobase per million mapped reads) values (37) through
normalization of the RBP size variations. The phage diversity in a given mock community was
estimated from the number of unique RBP variants formed in that metavirome following combining

of RPKM values corresponding to phylogenetically related RBPs (RBPs of the same variant).

Test run. A HTS sequencing library for D1 was prepared using the Nextera XT DNA kit (Illumina,
USA) according to the manufacturer’s protocol. The library was deep sequenced as 2 x 250 paired
end (PE) reads. Unless indicated, analysis of reads was performed on CLC Genomics Workbench
8.5.1. Adapters, low quality reads (quality limit <0.05), reads containing >2 ambiguous nucleotides
and short reads (<15 bp) were discarded. The minimum number of reads required for phage relative
abundance and diversity estimations was assessed by analysis of an array of randomly selected reads
from D1 by (i) mapping to db-P (50% query length and 80% identity thresholds) and (ii) Ublast

against db-RBP variants (95% query length and identity thresholds).

Final run. Library construction, sequencing and trimming of the remaining metaviromes were
performed as described above except that 13, 14 and 15 were sequenced as 2 x 300 PE reads. The
spiked metaviromes (D3, D4, D5, G1 and 12) were mapped to the ¢29 and T4 genomes using 50%
query length and 80% identity thresholds. Metaviromes were then assembled using the ‘De Novo

Assembly’ tool using default parameters, including analysis of coverage (threshold: 50% query

8
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length and 80% identity). Contigs were: (i) assessed with NCBI’s BLAST tool (38) using default
parameters and (ii) extracted and employed as references for analyzing the metaviromes using the
‘Map Reads to References’ tool using 50% query length and 80% identity thresholds. The relative
abundance and diversity of different phages in each metavirome was estimated by mapping the
trimmed reads to db-P or by Ublast against db-RBP, essentially as described above for D1, using one
million reads or the entire metavirome as an input, respectively. The output from db-RBP analysis

was further treated as described above.

Taxonomic composition. One million randomly selected trimmed reads were uploaded to Metavir
(metavir-meb.univ-bpclermont.fr) for BLASTx comparison against the NCBI Refseq complete viral
genomes protein sequences database. Taxonomic affiliations were deduced from the best BLAST hit
(using threshold of 50 on the BLAST score) and was normalized by the genome length using the

GAAS tool (39).

Metavirome Accessibility. The metaviromes can be accessed through the European Nucleotide

Archive (40) under accession PRJEB176109.

Results

Sample Clarity and Recovery of Phages

High-speed centrifugation [with and without prior adjustment of pH (Method 1 and Method 3,
respectively) and membrane filtration (Method 2) were assessed in terms of two performance
parameters: (i) the removal of bulk protein (as examined visually) and (ii) the recovery of spiked
phages. In terms of removal of bulk proteins, Method 3 appeared to be the most efficient, followed
by Method 2, while Method 1 was the least, indicating that pH adjustment is a simple yet very useful

technique to precipitate proteins in milk-based samples. In terms of spiked phages, Method 1 and 3
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were found to be more efficient than Method 2, retaining >50% of both ¢29 and T4 compared to
retention of ~50% using the latter technique. Thus, we considered that high-speed centrifugation was

the most efficient method when coupled with prior pH-adjustment.

The use of 10% PEG 6000 often yielded precipitation of >90% of the phages in the clarified

supernatant and hence we did not investigate an alternative phage precipitation technique.

Various CsCl density gradients were assessed in terms of their effectiveness to remove leftover whey
proteins as well as to recover adequate amounts of spiked phages. Notably, multiple-layer gradients
appeared to be generally less applicable when compared to a modified two-layer CsCl gradient (see
the preparation on Fig. 1). The use of multiple-layer gradients failed to provide the intended clarity
and recovery due to obstruction of the flow of phages by a band of proteins formed above the 1.3 g
mL-CsClI layer. The modified gradient, on the other hand, essentially diminished this band by
relocating the majority of the proteins to the surface of the gradient. The fraction of spiked phages
recovered in the final phage extract was also higher (>20%) when this latter gradient was used,
compared to retention of only <20% with multiple-layer gradients. All in all, adequate sample clarity
and recovery (37% of ¢29 and ~24% of T4) could be achieved by combining Method 3 with the

modified two-layer CsCl gradient.

Phages losses were mainly attributed to pH shock, entrapment to discarded pellet and dispersion
within the CsCl gradient. In the most efficient method (Fig. 1), the three factors contributed to losses

of up to 6%, 20% and 34% of ¢29 and 14%, 35% and 26% of T4, respectively.

Phage Morphologies

TEM analysis was conducted in order to examine the morphologies of the most predominant phages.

Phage particles were observed only in six samples. Phages could not be observed in the remaining

10

MH0D 93110 AINN Ag 2102 ‘g 1snbny uo /Bio wse’wae//:dny wolj pspeojumoq


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

samples due to sub-threshold phage titers (the limit of detection for TEM is ~10° — 10° phages mL™)
(41, 42). Representative TEM micrographs are presented in Fig. 2. Notably, except for one sample
(14), all the other samples contained phages with isometric capsids and long non-contractile tails. The
majority of the isometric-headed phages exhibited tail lengths of 141 nm (D3, phage on the right
side) to 151 nm (D4, phage on the left side), but shorter tail lengths were also measured ranging from
120 nm (D5, phage on the right side) to 139 nm (D2, phage on the right side). In sample 14, a
prolate-headed phage was observed with a tail length of 100 nm. The phages did not demonstrate
distinct baseplates but rather exhibited slightly enlarged tail terminal ends. Six of the phages
demonstrated neck passage structures (NPS) at the head-tail junction. The overall dimensions and
morphologies of the isometric-headed phages are generally similar to those documented for

previously isolated phages of the 936 group (15, 43-46).

Optimum Parameters

Mock communities were mapped to db-P or db-RBP databases in order to optimize parameters for
analysis of sample metaviromes. Reads were mapped to db-P as expected when the length and
similarity thresholds were adjusted to 50% and 80%, respectively (Fig. S1). Some reads from the 936
phages were mapped to the genomes of P335 and 949 phages due to relatively short regions of DNA
sequence homology between the phages (Fig. S2). Such regions correspond to, for instance, orfll
and orf47 (nps) of phage TP901-1 (a P335 species) and gp047, gp062, gt004, gp089-gt005 intergenic

space, gt005 and gp128 of phage 949 (a 949 species) (Fig. S2).

Ublast analysis of the mock communities against db-RBP vyielded the expected profile when a
stringent mapping threshold was used, i.e. 95% minimum query length and similarity (Fig. S1B and
S1C). Importantly, this analysis also revealed RBP sequences that were not represented in the mock

communities, such as the 1727 and Q49 RBP variants (Fig. S1B). Further analysis of these RBP
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variants indicated that they show considerable sequence similarity to the fd13 (e.g., fd13 and
CaseusJM1) (75-80%) and the HD6 (e.g., HD6 and jm3) (69-82%) RBP clusters, despite being
phylogenetically unrelated. Additionally, most of the RBP sequences of the 936 phages exhibit high
sequence similarity towards the 5° half, which could have increased the possibility of detection of

sequences that were not included in the mock communities.

Analysis of Spiked Phages

Reference mapping. Metavirome reads were mapped to the spiked phage genomes as summarized
in Table 1. Nearly the entire 29 genome was mapped in all cases (99.9%), with significant
fluctuation in depth of coverage along the reference genome. At the terminal ends of ¢29, regions
with no coverage were observed encompassing 11, 18, 6, 8 and 17 bases (D3, D4, D5, G1 and 12,
respectively) (Fig. S3A). The fraction of reads mapped to ¢29 ranged from 0.2% (D4) to 7.9% (D5),
which was generally higher compared to the fraction of reads mapped to T4 [0.2 (D4) to 4.3% (D5)].
This was also consistent with the average coverage (Table 1). With regard to T4, although the
mapped reads fraction and the average coverage was relatively low, the mapping was nearly
complete in D5 (99.5%) and G1 (99.4%). The unmapped portion of the genome corresponded to the
terminal 837 (D5) and 957 (G1) bases (Fig. S3B). A very high mapping coverage was also seen in
D3 and D4 (94.6% and 93.2%, respectively), although multiple gaps were formed along the
alignment. 12 provided the least T4 coverage (58%), which is reasonable given a very small

metavirome size (Fig. S3B).

De novo assembly. The method’s power to vyield adequate sequences for full genome
characterization was inferred from de novo assembly of the spiked phages. Nearly the entire ¢29
genome was assembled, except the proximate terminal regions, where 56, 1, 6, 8 and 17 bases were

absent (D3, D4, D5, G1 and 12, respectively). The assembly was further confirmed by BLAST query
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to have significant similarity to the ¢29 genome (Table S3). Unlike 929, T4 was assembled into
several short contigs [except in D5 (168,032 bases) and G1 (104,664 bases)], which was apparently
due to inadequate amount of reads to cover the very large T4 genome (Table S3). Importantly, many
of the BLAST hits corresponding to the T4 contigs were described as Enterobacteria phage RB55 or
RB59 (see Table S5). These phages belong to the T4virus phages group with 99.96% identity to each

other and 99.80% similarity to the T4 phage (47).

Analysis of HTS Metagenome Sequences

Input sequence threshold. To test if variations in the amount of input sequences can affect
estimation of the relative abundance of phage species and RBP diversity, a test sequencing run and
preliminary analysis was carried out with D1 prior to the other metaviromes. With deep sequencing,
a total of ~9.5 million PE reads were generated, ~5% of which were removed by trimming. In order
to assess the impact of varying the amount of input sequences on phage relative abundance and
diversity estimations, an array of randomly selected sequences were tested (Table S2). Eventually,
the minimum requirement for accurate estimation of relative abundance and diversity of phages was
found to be ~50,000 and ~1,000,000 reads, respectively, indicating that the latter demands large
number of input sequences. Accordingly, we devised to generate at least 1 million reads per each of
the study samples. Sequencing of eleven samples generated a total of >12.6 million PE reads (Fig.

S4), of which 0.04% was discarded by trimming.

Comparison of phage content between pairs of metaviromes. In order to assess the overall
similarity in phage content between the metaviromes, they were mapped to each other in a pairwise
manner as outlined in Table 2, resulting in a matrix of 121 mapping scores. The matrix clearly
indicated that DSS and DL starter-derived whey samples vary considerably in terms of overall phage

composition. The similarity score from comparison of samples derived from the same starter culture
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type (DSS or DL) was generally higher, compared to when DSS-starter derived samples were
compared to DL starter-derived samples. This suggests the presence of significant overlap in phage
composition among samples corresponding to the same starter culture type. Nonetheless, the overall
composition of 12 appeared to be relatively similar to DL-starter derived samples, which was

unexpected for a sample that was derived from DSS starters.

BLAST comparison of selected contigs. To test whether certain phage strains were responsible for
the observed sequence similarity among samples derived by the same type of starter, a set of contigs
selected of being the highest in read coverage in the respective metavirome assemblies were
analyzed by BLAST query against the NCBI nr database. Notably, the contigs selected from ten out
of the eleven metaviromes displayed the greatest similarity to the lactococcal phage sequences in the
database (Table S4). Accordingly, the dominant sequence entities in the Danish and German
metaviromes appeared to be those of Lc. lactis 936 phages, whereas in the Irish metaviromes
sequences of Lc. lactis 936 phages (12), bacteria (particularly Streptococcus pyogenes) (13) or Lc.
lactis c2 phages (14 and 15) were dominant. Contigs with no sequence similarity to available

sequences were also represented in G3 and I3 (Table S4).

As majority of the selected contigs were rather short in length, we tested the universality of the
observed finding by analyzing a set of contigs selected of being the longest. To this end, sequences
of lactococcal phages (in D2-D5 and 12), bacteria (in G2, G3 and 13-15) or a mixture of both phage
and bacteria (in G1) appeared to represent the dominant sequence entities in the metaviromes (Table
S5). Contigs with no sequence similarity to available sequences were also represented in G1 and G3,

possibly indicating sequences of novel phages or viruses, or of contaminating host cells.

Mapping reads to reference genomes. To estimate the fraction of phages associated to mesophilic

cheese production, namely Lc. lactis and Leuconostoc phages, in the metaviromes, reads were
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mapped to db-P (in-house database of reference genomes). A total of one million randomly selected
trimmed reads were used, except for 12, which was mapped entirely due to its small size (~0.33
million reads). Of the eleven metaviromes, nine presented very high proportion of mapped reads,
with the average being ~74% (Fig. S4). The two exceptional metaviromes presenting relatively low
proportion of reads mapping to the database, namely 13 and 15 (~9.6% and ~51.5%, respectively),

were both from the Irish whey factories (Fig. S4).

Of the eleven metaviromes, eight [encompassing all the Danish and German samples and the Irish
sample 12] demonstrated the dominance of sequences of the 936 phage group (Table 3). The fraction
of mapped reads ranged from 90.0% to 91.5% (in the Danish samples), 85.0 to 93.0% (in the German
samples) and 0.6% to 95.1% (in the Irish samples). In the three Irish metaviromes, where 936 phages
were a minority, namely 13, 14 and 15, sequences of the c2 phage group appeared to be the most
frequent. The fraction of mapped reads ranged from 0.2% (12) to 97.8% (14) and averaged ~20.8%.
The mapping fraction for 13, 14 and 15 alone was significantly higher than the rest of the samples,
averaging ~80.6%. Therefore, phages of the 936 group were the most frequent in DL-starter-derived

samples, while phages of the c2 group represented the vast majority in DSS-starter-derived samples.

Compared to the 936 and c2 phages, sequences of the P335 phage group demonstrated a more
consistent frequency. The fraction of mapped reads was in the range of 0.9% (14) to 6.8% (G1),
except in 13 (36.1), and averaged ~6.7%. Contrary to the finding observed in the mock communities
(Fig. S2), the vast majority of the P335 genomes were covered by reads, although numerous gaps
were also present (see Fig. S5). This is suggestive of mapping of primarily P335 sequences, although
it is impossible to rule out non-specific mapping of sequences from the 936 phages. Furthermore,
reads that mapped to the 949 genomes averaged ~1%: however, many of these reads were
concentrated around regions corresponding to gp047, gp062, gt004, gp089-gt005 intergenic space,

gt005, gt006 and gp128 of phage 949 (Fig. S5). This might indicate non-specific mapping of reads
15
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potentially originating from 936 phages. The remaining phages were found to be insignificant,
except Leuconostoc and satellite phages that represented 4.1% and 11.6% in G1 and 13, respectively.
These results generally indicate that the 936 species is highly dominant in dairies using DL-starters,

as is the c2 species in most dairies using DSS.

The presence of a large fraction of unclassified reads in some of the metaviromes, such as D3 and 15,
prompted us to perform BLAST analysis of selected de novo-assembled contigs. The results
indicated lactococcal phage sequences to be the most frequent hits for a set of contigs selected of
being the highest in read coverage (Table S6). Of these, sequences of 936 phages appeared to be the
majority, except that sequence of ¢2 phages occasionally encountered in 14 and 15. A set of contigs
selected of being the longest presented the greatest similarity to phages or viral sequences. Many of
these corresponded to sequences of spiked phages (Table S7), while the fraction of lactococcal
phages appeared to be rather low (~5%). BLAST also revealed bacterial sequences (likely from

contamination) in the metavirome extracts, mainly in the German and Irish samples (Table S7).

Taxonomic composition. To estimate the taxonomic composition of the metaviromes, we executed
a BLAST comparison with the RefSeq complete viral genomes proteins. Taxonomic affiliations were
deduced from the best BLAST hit (threshold of 50 on the BLAST score). The ratio of taxonomic
affiliation was very high in the majority of the samples, although it ranged from 12.5% (13) to 91.8%
(D2), with an average affiliation of 63.8%. Notably, no obvious correlation between the degree of

taxonomic affiliation and the origin of the samples was observed.

To estimate the proportion of each virotype in the initial sample in terms of the number of viral
particles, taxonomic composition normalized by the genome length of the virotypes was performed,
computed via the GAAS tool (39). Notably, certain virotypes appeared to dominate in the

metaviromes (Table 4). dsDNA viruses belonging to the order Caudovirales and the family
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Siphoviridae accounted for majority of the viruses identified. At lower taxonomic ranks, lactococcal
phages were found to be highly abundant in all the samples. In all the Danish and German plus the
Irish sample 12, Lc. lactis 936 phages P008, jm2, P680, jm3, biL170, 340, phage 7, jj50, biBB29,
712 and skl appeared to be evenly distributed, whereas Lc. lactis c2 phages bIL67 and ¢2 dominated
in the remaining samples, which were all from Ireland (Table 4). P335 phages generally exhibited
low abundance, except in I3 (~7%). Sequences corresponding to phages TP901-1, BK5-T, Tuc2009,
ul36, bIL286 and ¢LC3 were relatively abundant in 13 (Table 4). In this sample, satellite phages
represented ~17% of the viruses (bIL310 ~12%, blL311 ~1% and bIL312 ~4%). These phages

however appeared insignificant in the other metaviromes (Table 4).

Diversity of 936 and Leuconostoc phages. To estimate the diversity of phages, we analyzed reads
by Ublast against db-RBP (in-house database of RBP sequences). The result is summarized in Table
S8. Of nineteen RBP variants representing 936 phages, a maximum of four appeared to be
predominant per sample. Two variants, namely SCH and phage 7, were found to be widely
distributed, whereas others including 645, ASCC406, 1727 and ®L.6 seemed to be associated to
many of the samples. Notably, SCH was almost the sole variant detected in G1, while phage 7 was
the major variant in D5, G3 and 12. In the Irish samples I3, 14 and 15, generally very small quantity
of RBPs were detected, which is consistent to the low prevalence of 936 phages in these samples

(Table S8).

Sequences corresponding to the RBP sequences of Leuconostoc phages were detected in just three
samples (D5, G1 and G3) (Table S9), with the LN6B variant being more frequent than the others.
Very small amount of sequences corresponding to the P793 variant was also detected in G1 and G3
(Table S9). The LN6B variant, together with the P793 and ¢LN23 variants, represents Le.
pseudomesenteroides phages, possibly suggesting the dominance of these phages over Le.

mesenteroides phages in the underlying dairies.
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Discussion

One of the primary challenges with the extraction of phages from different dairy metagenomic
samples is the difficulty to separate various residues (proteins, bacterial cells and cell debris) before
concentrating the phages. The pH variation among different dairy samples (bulk starter, milk, whey,
etc.) partly explains the processing challenges. The extraction method described in this study
included a step, where samples were adjusted to pH ~4.6, which has been shown to precipitate ~80%
of the total nitrogen in dairy samples (48). Incorporation of this step facilitated removal of a
significant fraction of residues by low-speed centrifugation. However, there was unexpected loss of
phages during this initial sample processing stage, which was mainly attributed to pH shock (loss of
infectivity) and entrapment of phages in the pellet. The former loss seemed reasonable as the spiked
phages were not adapted to the dairy environment and hence could have been relatively sensitive to
low pH. Conversely, dairy phages tolerate low pH and hence minimal (if any) losses may be

expected.

Up on PEG precipitation of phages, smaller proteins likely pose the greatest challenge as they
precipitate concurrently with the phages. These proteins are impossible to separate by standard CsCl
gradient ultracentrifugation (35), as they tend to aggregate at the interface between the phage
suspension and the CsCl layer, preventing the flow of phages to their buoyant density (isopycnic
point). Thus, a modified two-layer CsCl gradient was optimized that could lower the blocking effect
of proteins on the flow of the phages. It consists of an upper layer of phage suspension (prepared by
resuspedning the PEG-pellet with 1.3 g mL™ CsCl in SM buffer) and a lower layer of 1.7 g mL™
CsCl. The usefulness of this gradient lies on its potential to alter the direction of flow of proteins
(density <1.3 g mL™) without affecting the direction of flow of (most) phages (>1.3 g mL™), which
was proved by the aggregation of proteins on the top of the gradient. The higher density of the phage

suspension increases the physical distance between the phages and smaller proteins within the
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gradient, which ultimately increases the sample clarity. The absence of intermediate CsCl layers
(1.45 and/or 1.5 g mL™) increases the phage diversity being extracted as it promotes the gathering of

the phages just above the 1.7 g mL™ CsCl layer.

Overall, the extraction method enables progressive removal of bulk proteins while retaining adequate
fraction of phages for metagenomic studies. The recovery of adequate ¢29 and T4 phages for
assembly of almost the entire genomes, as demonstrated by reference mapping (both phages) and de
novo assembly (only ¢29), demonstrates this. Of note, the observed drop in sequence coverage
towards the terminal ends of the genomes is attributed to the Nextera XT transposome technology
(49). The protocol’s ability to recover T4, which has a very large genome (>8 times the size of ¢29)
(31, 32), proves its suitability for metagenomic characterization of a wide variety of phages,
including dairy phages. Yet, the low success rate with de novo assembly of the T4 genome suggests
its strength towards phages of smaller genome sizes. Besides, the relatively low efficiency of
recovery would not allow the protocol to be combined with, for instance, TEM examination due to a
detection threshold of 10°-10° phages mL™ (41, 42). Thus, further optimizations are needed to

improve the efficiency of recovery, thereby to extend the methods’ applicability.

The influence of starter culture type on the composition of phages is evident from the predominance
of 936 phages in whey from DL-starters and of primarily c2 phages in whey from DSS. This,
combined with the relatively conserved nature of the genomes of 936 and c2 phages, could have
contributed to the observed overall similarity among the different metaviromes. The situation might
have been different, if the heterogeneous P335 phages were dominant, since these phages show much
less overall genome conservation (50, 51). Nevertheless, the dominance of 936 phages in Danish and
German whey appears to be due to the employment of undefined cultures, whereas the dominance of
c2 phages in most Irish whey is likely due to application of strains sensitive to specific phages rather

than the starter type itself.
19
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The dominance of 936 phages in the present metavirome study is consistent with most previous
lactococcal phage isolation studies (6, 18, 46, 52-59). Detection of mostly SCH and phage 7 and
occasionally 645, ASCC406, 1727 and ®L.6 RBP variants may suggest the presence of limited
diversity of these phages in the dairies. Phages within these RBP variants mostly infect strains of Lc.
lactis subsp. cremoris, while the 645 RBP variant infects strains of both Lc. lactis subsp. lactis and
Lc. lactis subsp. cremoris (45). Furthermore, the presence of NPS in the majority of phages is
consistent with the recent increase in the frequency of phages displaying this structure (18, 46, 58,
60). This highlights the view that NPS might enhance host range and adaptation (43), though the
NPS of the temperate TP901-1 phage does not appear to be important for infection, assembly and

stability (61). Thus, the function of NPS for 936 phages is yet to be elucidated.

Probably, the most striking finding of the analysis of the c2 phages is their dominance in the majority
of samples derived from defined cultures, which is in stark contrast to the notion that the frequency
of isolation of members of c2 species has dropped lately due to the adoption of anti-phage strategies
(14). As far as we are aware, no previous study has published similar findings in Ireland. Elsewhere,
c2 phages have occasionally been reported to be more frequent than other lactococcal phages (62,
63). The finding may indicate that the c2 phages in Irish dairies are relatively tolerant to cheese milk
thermal treatments, which is in accordance with a recent study that reported that many c2 phages
survive traditional cheese milk heat treatments (64). Phages of the ¢2 group require the host receptor
phage infection protein (PIP) in order to attack sensitive strains (65, 66). Strains that carry mutations
in pip acquire complete resistance against c2 phages (67). It appears that starter culture
manufacturers in Ireland do not generally select for pip mutants or that other genes such as yjakE (68)

could substitute pip during infection.

The relatively low abundance of P335 phages appears to be in accordance with the reported decrease

in the frequency of isolation of P335 phages due to the adoption of anti-phage strategies (14). It is
20
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possible that the increased frequency of P335 phages in 13 was primarily due to induction of
temperate P335 prophages during cheese production. The increased frequency of satellite phages in
the same whey mixture might thus be due to co-induction of P335 and satellite phages. Chopin et al.
suggested that satellite phages of Lc. lactis possibly rely on phages from the P335 group for
multiplication (50). It is, therefore, possible that the satellite phages in 13 have acquired certain
modules from P335 phages prior to induction, which may indicate the presence of co-evolution of

these phages in the corresponding dairy.

Lc. lactis phages other than 936, P335 and c2 were generally detected much less frequently.
Although the 949 phage group was detected in all whey mixtures, further evaluation of individual
mappings revealed mostly localized mapping of reads at the regions corresponding to gp047, gp062,
between gp089 and gt005 and gp128 in 949, likely suggesting non-specific mapping of reads
originating potentially from 936 phages such as CB13 (69). This is consistent with the taxonomic
composition analysis, which revealed just a small fraction of 949 phages. Furthermore, Leuconostoc
phages were mostly represented by the LN6B RBP variant, indicating that Le. pseudomesenteroides
phages were relatively more common. The exceptional abundance of Leuconostoc phages in G1 was

reflected also by detection of large number of Leuconostoc phages RBP in this metavirome.

In conclusion, the method described in this study allows for metagenomic studies of dairy phages.
Particularly, the CsCl gradient enables isolation of phages with a wide range of genome sizes. The
findings from this study support the previous notion that Lc. lactis phages of the 936, P335 and c2
species are the most frequently encountered in the dairy environment. The composition of the phage
population was somehow linked to the starter culture propagation regime, as shown from the
dominance of 936 phages in whey from DL-starters and that of c2 phages in (most) whey from DSS.
Concurrent increases in the frequency of P335 and satellite phages may indicate co-induction and

evolution of these phages. Future work would possibly describe the mechanisms on how starter
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culture types influence the composition of the phage population.
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691 Fig. 1. Dairy phages metagenomic analysis workflow: overview of method optimization and

692 analysis. Different techniques were assessed in terms of ability to separate bulk proteins and to
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recover spiked Bacillus subtilis phi29 and Escherichia coli T4 phages from whey samples. Broken-
line boxes represent pathways with inadequate protein removal or heavy loss of phi29 and T4.
Continuous bold-line boxes represent pathways with removal of reasonable amount of proteins
and/or recovery of majority of the spiked phages. A continuous faded-line box represents an optional
step that depends on the outcome of the previous step. The modified two-layer CsCl gradient was
made of a layer of 1.7 g mL™ CsCl in SM buffer overlaid by a layer of phage suspension (PEG-pellet
inl13g mL? CsCl solution). The method’s overall recovery efficiency was assessed following CsCl
equilibrium gradient or the last modified CsCIl gradient ultracentrifugation. Local databases
containing the genomes of dairy Lc. Lactis and Leuconostoc phages and phylogenetically organized
receptor-binding protein (RBP) groups were used to perform the respective mapping and Ublast
analyses. NMWL: nominal molecular weight limit, PEG: polyethylene glycol, SM: sodium-
magnesium (buffer), NGS: next-generation sequencing, and GAAS: genome relative abundance and

average size.
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Fig. 2. Representative transmission electron micrographs of phages extracted from whey mixtures.
All the micrographs except 14 show 936-like phages (14 is a c2-like phage). Arrowheads indicate
neck passage structures (NPS). Numbers below the micrographs are the head dimensions and tail
lengths of the phage particles, respectively. Micrographs are shown at identical magnifications

(bar=50 nm).
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713  Table 1. Summary of the sequencing results for spiked whey samples

L Average reads length Reads mapped to reference genomes (%) Average coverage
Sample Total reads Reads after trimming __ E—
Before trimming  After trimming ¢29 T4 ¢29 T4
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720  Table 2. Pairwise comparison between metaviromes as carried out by reads-to-contigs mapping. The overall similarity in phage population
721  between whey samples was assessed by pairwise mapping of the metavirome sequences, i.e., by mapping trimmed reads (rows) to contigs
722  from de novo assembly (columns). The mapping threshold was set to a minimum of 50% query length and 80% identity. Entries are shown
723 in bold to indicate that reads and contigs are cognate, i.e., contigs used as references were assembled from the same metavirome, which
724  vyielded an expected high average score of ~97.8+1.9%. All the other entries represent the similarity between unrelated (non-cognate)

725  metaviromes. The key next to the table highlights the grouping of the metaviromes according to overall similarity.

Contigs from de novo assembly of reads
D2 D3 D4 D5 G1 G2 G3 12 13 14 15
D2 989 909 906 97.0 90.2 919 918 860 770 651 64.0
D3 97.7 9941 989 96.6 90.7 927 936 86,5 779 624 67.6
D4 985 989 995 97.1 906 935 944 870 775 651 672
D5 90.7 909 906 976 89.7 86.6 80.0 845 664 553 56.8

Key

Microbiology

Gl 80 831 833 832 987 972 926 786 698 595 605 [ >80%
850 831 833 832 921 972 926 786 698 595 605 [ 65-80%

G3 911 883 881 913 944 961 994 | 834 755 619 652 50-65%

12 963 920 921 946 931 940 927 991 732 645 638 <50%

I3 59 151 8.1 24.3 140 148 177 2.5 96.5 855 911
14 | 83.6 19 11 80.0 105 210 603 196 986 985 977
15 505 4.5 25 53.0 151 215 412 111 892 821 925

Reads from metavirome sequencing
9]
N

726

727  D: Denmark, G: Germany, I: Ireland
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730

731

732

733

734

Table 3. Relative abundance of Lc. lactis and Leuconostoc phages in whey mixture metavirome sequences. Entries (scores) represent the

percentage of reads mapped to reference genomes and were obtained from statistics generated from mapping of reads to the genome

sequences of Lc. lactis and Leuconostoc phages. The mapping threshold was set to a minimum of 50% query length and 80% identity.

Reference Mapped reads (%)

genome D2 D3 D4 D5 Gl G2 G3 12 13 14 15
936 904 914 915 900 8.0 922 930 951 21 0.7 0.6
P335 5.9 41 45 5.1 6.8 39 37 23 361 09 1.9
c2 22 0.9 0.8 1.2 1.0 0.8 04 0.2 476 978 963
1358 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
P034 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
1706 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.3 0.0 0.1
Q54 0.3 14 0.9 0.7 0.6 0.7 0.3 0.9 0.2 0.0 0.0
KSY1 0.0 0.0 0.0 0.0 0.1 0.6 0.0 0.0 0.6 0.1 0.1
po87 0.1 0.6 0.6 0.1 0.0 0.0 0.2 0.0 0.2 0.0 0.1
949 1.0 15 14 17 17 16 12 14 0.6 0.1 0.1
Leuconostoc 0.1 0.1 0.1 1.0 4.1 0.1 13 0.0 0.5 0.1 0.1
Satellites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 116 03 0.7

D: Denmark, G: Germany, I: Ireland
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737

738

Table 4. Relative abundance of sequences of different phage strains in whey mixture metavirome sequences. Relative abundance was

considered as the fraction of reads affiliated to NCBI’s RefSeq database (Threshold of 50 on the BLAST score) accessed via the Metavir

analysis pipeline. The first four hit categories correspond to Lc. lactis 936, P335, c2 and satellite phages, respectively. All hits with an

abundance level of <0.25% in all metaviromes were excluded for brevity.

BLAST hit

Sequence similarity (%)

D2 D3 D4 D5 Gl G2 G3 12 13 14 15
Lactococcus phage P008 15.4 24.2 23.0 15.4 11.3 21.8 16.2 8.4 0.0 0.0 0.0
Lactococcus phage jm2 15.6 11.0 113 14.0 9.8 14.3 18.3 46.6 0.1 0.0 0.0
Lactococcus phage P680 10.7 85 9.2 73 8.5 7.2 8.1 33 0.0 0.0 0.0
Lactococcus phage jm3 11.5 9.5 9.3 8.9 18.1 9.1 7.5 4.0 0.0 0.0 0.0
Lactococcus phage bIL170 8.4 8.3 9.6 7.0 7.6 9.2 9.2 6.9 0.0 0.0 0.0
Lactococcus phage 340 77 9.0 8.3 5.8 4.6 8.2 5.8 2.4 0.0 0.0 0.0
Lactococcus phage ¢7 8.3 7.6 8.4 7.3 74 9.9 10.1 23 0.1 0.2 0.1
Lactococcus phage jj50 5.9 7.6 6.4 5.9 46 71 8.6 45 0.0 0.0 0.0
Lactococcus phage bIBB29 4.9 57 6.3 3.4 21 33 52 0.8 0.0 0.0 0.0
Lactococcus phage 712 3.6 38 3.6 2.6 24 3.8 3.2 1.8 0.1 0.0 0.0
Lactococcus phage sk1 24 2.3 2.2 24 15 35 2.2 0.0 0.1 0.0 0.0
Lactococcus phage Q54 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0
Lactococcus phage SL4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.6 0.0 0.0 0.0
Lactococcus Phage ASCC191 0.0 0.0 0.0 0.0 0.0 0.0 0.0 29 0.0 0.0 0.0
Lactococcus phage sk1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 0.0 0.0 0.0
Lactococcus phage TP901-1 0.3 0.2 0.3 0.2 12 0.4 0.1 0.3 2.0 0.0 0.1
Lactococcus phage BK5-T 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 17 0.0 0.2
Lactococcus phage Tuc2009 0.3 0.1 0.1 0.3 0.1 0.4 0.0 0.1 1.6 0.0 0.0
Lactococcus phage ¢LC3 0.4 0.2 04 04 11 0.3 0.1 0.1 0.8 0.0 0.0
Lactococcus phage b1L286 0.3 0.1 0.1 0.3 0.3 0.0 0.1 0.1 13 0.2 0.2
Lactococcus phage rit 0.5 0.1 0.1 0.4 0.0 0.1 1.2 0.1 0.1 0.0 0.0
Lactococcus phage ul36 0.1 0.1 0.1 0.3 0.2 0.4 1.0 0.0 15 0.0 0.1
Lactococcus phage BM13 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.3 0.0 0.0
Lactococcus phage P335 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.1 0.1
Lactococcus phage b1L285 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.6 0.0 0.0
Lactococcus phage bIL309 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
Lactococcus phage c2 0.6 0.1 0.1 0.3 0.0 0.0 0.1 0.0 27.6 66.9 52.0
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Lactococcus phage b1L67 1.6 0.0 0.0 0.5 0.5 0.0 0.0 0.0 21.2 31.6 44.9
Lactococcus phage bIL310 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.7 0.3 0.6
Lactococcus phage bIL311 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.2
Lactococcus phage bIL312 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.3 0.1 0.2
Leuconostoc phage pLN25 0.0 0.0 0.0 0.1 0.0 0.0 0.5 0.0 0.0 0.0 0.0
Leuconostoc phage P793 0.0 0.0 0.0 0.2 1.2 0.0 04 0.0 0.0 0.0 0.0
Leuconostoc phage pLN04 0.0 0.0 0.0 0.2 14 0.0 0.5 0.0 0.0 0.0 0.0
Leuconostoc phage Lmdl 0.0 0.0 0.0 0.4 0.8 0.0 0.3 0.0 0.0 0.0 0.0
Leuconostoc phage pLN03 0.0 0.0 0.0 0.1 0.7 0.0 0.2 0.0 0.0 0.0 0.0
Leuconostoc phage ¢LN6B 0.0 0.0 0.0 0.2 0.3 0.0 0.1 0.0 0.0 0.0 0.0
Leuconostoc phage pLN12 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.0
Lactobacillus phage Ld25A 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Lactobacillus phage Lc-Nu 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.0 0.1
Lactobacillus phage pAQ113 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0
Bacillus phage 929 0.0 0.7 0.5 14.0 12.7 0.0 0.0 5.8 0.0 0.0 0.0
Shigella phage SfIV 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.9 0.0 0.2
Enterobacteria phage fiAA91-ss 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.2 0.0 0.0
Others 0.3 0.1 0.1 1.2 0.5 0.4 0.2 0.7 6.1 0.1 0.3

D: Denmark, G: Germany, I: Ireland
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