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carbohydrate binding module, phage-host interactions.

Abstract
With increasing numbers of 3D structures of bacteriophage components, combined with
powerful in silico predictive tools, it has become possible to decipher the structural assembly
and associated functionality of phage adhesion devices. Recently, decorations have been
reported in the tail and neck passage structures of members of the so-called 936 group of
lactococcal siphophages. In the current report, using bioinformatic analysis we identified a
conserved carbohydrate binding module (CBM) among many of the virion baseplate Dit
components, in addition to the CBM present in the ‘classical’ receptor binding proteins
(RBPs). We observed that, within these so-called ‘evolved’ Dit proteins, the identified CBMs
have structurally conserved folds, yet can be grouped into four distinct classes. We expressed
such modules in fusion with GFP, and demonstrated their binding capability to their specific
host using fluorescent binding assays with confocal microscopy. We detected evolved Dits in
several phages infecting various Gram-positive bacterial species, including mycobacteria.
The omnipresence of CBM domains in Siphophages indicates their auxiliary role in infection,
as they can assist in the specific recognition of and attachment to their host, thus ensuring a
highly efficient and specific phage-host adhesion process as a prelude to DNA injection.

IMPORTANCE
This work shows that many siphophages, in particular those infecting various Gram-positive
hosts, employ auxiliary carbohydrate-binding modules (CBMs) that are present within their
distal tail (Dit) protein to adhere to their host. In the case of lactococcal phages the specificity
of the observed binding of such a CBM is the same as that of the corresponding receptor
binding protein, suggesting that the Dit-associated CBM supports the phage in its efforts to
specifically and exclusively bind to a host with a particular cell wall-associated
polysaccharide. Overall, this work expands our insights into phage-host interactions of
phages that exploit saccharidic receptors.

This article is protected by copyright. All rights reserved.

INTRODUCTION
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One of the crucial steps in the infection process of a phage is the specific recognition
of, and binding to, its host, followed by DNA injection. Tailed phages (Caudovirales) utilize
a molecular device at the distal end of their tail for host recognition/binding. Members of the
Myoviridae, of which phage T4 is the paradigm, possess a capsid and a contractile tail
bearing a large molecular device at the tip, called the baseplate, which is responsible for host
adhesion (Kostyuchenko et al., 2003, Taylor et al., 2016, Taylor et al., 2018). Members of
the most abundant group of the Caudovirales, the Siphoviridae, possess a capsid to which a
long non-contractile tail is attached (Davidson et al., 2012).
Until recently, structural knowledge on Siphoviridae was based primarily on the

coliphages Lambda (Davidson et al., 2012, Edmonds et al., 2007, Edmonds et al., 2005,
Fraser et al., 2006, Maxwell et al., 2002, Pell et al., 2009), T5 (Zivanovic et al., 2014,
Arnaud et al., 2017) and HK97 (Cardarelli et al., 2010, Duda et al., 2013), as well as on
SPP1 (Plisson et al., 2007, Goulet et al., 2011, Chaban et al., 2015), which infects the Grampositive bacterium Bacillus subtilis. It was established that the three coliphages recognize and
attach to outer membrane proteins, and SPP1 to the ectodomain of a large membraneassociated protein (Sao-Jose et al., 2006), using a tail tip component (Breyton et al., 2013).
Conversely, most lactococcal phages, among which are those of the so-called 936 group, lack
a tail tip, but possess a baseplate that binds to a cell surface-associated polysaccharide (Sciara
et al., 2010, Veesler et al., 2012). The X-ray structure of the baseplate from phage p2 (a
representative of the 936 group) was determined, revealing that: i) the p2 baseplate is an
assembly of three proteins, and ii) it changes conformation upon activation (Sciara et al.,
2010) (Fig. 1). This conformational change, brought about by the presence of Ca++ and other
divalent cations (Mahony et al., 2015), results in the downwards rotation of the Receptor
Binding Proteins (RBPs) from an inactive “heads-up” conformation to a downwards facing
“active” state. Subsequently, the X-ray structure of the baseplate of phage TP901-1, a
member of the lactococcal P335 phage group, revealed that the activation mechanism is not
shared by all carbohydrate-binding phages (Veesler et al., 2012, Spinelli et al., 2014). In both
cases, however, a unique domain, the RBP head domain (Spinelli et al., 2006b, Spinelli et al.,
2006a), was found to be involved in the recognition of the host.

This article is protected by copyright. All rights reserved.

The cell wall-associated polysaccharide (CWPS) of Lactococcus lactis (visually
present as a so-called 'pellicle' layer around the cell wall (Chapot-Chartier et al., 2010,
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McCabe et al., 2015), is the host receptor of 936-type phages (and other groups), and its
biosynthetic apparatus is encoded by a large gene cluster (called cwps) encompassing, when
comparing different lactococcal genomes, a highly conserved region and a region of genetic
diversity. Comparative analysis of these diversity regions allowed the classification of
lactococcal strains to belong to different CWPS types based on the genetic composition of the
cwps gene cluster: CWPS type A (representative L. lactis strains are UC509.9 and CV56),
CWPS type B (present in L. lactis strains IL1403 and KF147), and CWPS type C (with L.
lactis strains MG1363/SK11 as representatives) (Ainsworth et al., 2014). Based on a PCRtyping method at least one more CWPS type appears to exist, while a correlation was found
to exist between the CWPS type of a given lactococcal strain and the host range of 936-type
phages (Ainsworth et al., 2014). Importantly, this correlation was found to be due to a link
between the CWPS type of a given strain and the RBP (sequence) of a phage capable of
infecting that strain (Mahony et al., 2013).
Recently, certain phages were shown to possess an additional carbohydrate binding

module (CBM) in addition to the RBP (Legrand et al., 2016, Dieterle et al., 2016, Dieterle et
al., 2017). In phage Tuc2009, another P335 lactococcal phage that resembles TP901-1, such
an additional CBM is present within the BppA accessory baseplate protein (Legrand et al.,
2016).
Phages of L. lactis are classified into ten groups based on morphology and DNA

relatedness (Deveau et al., 2006). Among these ten groups, the 936 group are the most
frequently encountered in the dairy processing environment and represent a significant threat
in this industrial context (Moineau, 2002, Deveau et al., 2006). Here, we report a ‘pan’ 936
phage group study aimed at analyzing (where relevant) their evolved distal tail protein (Dit),
identifying their CBM insertions and determining that they are involved, together with the
RBP, in adhesion to the host. In a first step, we used a combination of HHpred analysis and
multiple alignments of Dit sub-groups to identify different Dit-associated CBM classes
(Zimmermann et al., 2017, Hildebrand et al., 2009). Briefly, HHpred builds a multiple
sequence alignment of query-related sequences, even if they exhibit low amino-acid
identities. From this alignment, a hidden Markov model profile (HMM) of the query is
calculated. This query model is used to identify structural hits with known structures in the
PDB database. HHpred provides as output a ranked list of matches (including E-values and
This article is protected by copyright. All rights reserved.

probabilities for a true relationship) and pairwise query-database sequence alignments. In a
second step, we expressed the most interesting evolved Dits or domains in fusion with GFP,
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and tested the binding of these proteins to the phage’s specific host(s) in order to validate the
functionality of these modules. Finally, we identified the presence of CBMs for several
phages infecting Gram-positive bacteria.

RESULTS

Bioinformatic analysis of the Distal Tail (Dit) proteins
The 936 phage group represents an industrially important group of phages that have

been thoroughly studied in recent years (Mahony et al., 2006, Castro-Nallar et al., 2012,
Rousseau & Moineau, 2009, Murphy et al., 2016). The genome sequences of nearly ninety
936 phages are currently available in public databases and in this study an additional 26
distinctly different members of this phage group were isolated, characterized and sequenced.
This provided a total of 115 lactococcal bacteriophages of the 936 group for which genomic
sequences are now known and which were analyzed in this study (Table S1).
The availability of 115 genome sequences of a single phage group is rather unique,

making the 936 group of phages an excellent model system for the analysis of adhesion
domains and modules. The structure of the entire virion of the 936 phage p2 has been
resolved by electron microscopy (EM) (Bebeacua et al., 2013), while RBP structures of
phages p2 and bIL170, and the complete phage p2 baseplate structure have been determined
by X-ray crystallography (Spinelli et al., 2006b, Ricagno et al., 2006), providing a useful
resource for the analysis of structural components of these phages. However, as more genome
sequences became available, it has become clear that multiple host interactions may be in
operation, warranting a close inspection of the adhesion devices of these phages. Ultimately,
we wanted to define if adhesion mechanisms employed by 936 phages are similar to those of
other genetically and structurally analyzed phages in order to assess the universality or
uniqueness of adhesion systems utilized by tailed phages. From the available genome
sequences of members of the 936 phage group only those ORFs were selected that encode
products corresponding to the phage p2 baseplate Dit component (ORF15 in phage p2)
(Sciara et al., 2010).
This article is protected by copyright. All rights reserved.

The Dit sequences were aligned and two types of Dit proteins (or Dits) were discerned
based on size differences, termed here as “classical” (~250-300 amino acids) and long (~500

Accepted Article

amino acids) or “evolved” Dit types (Dieterle et al., 2016, Dieterle et al., 2017) (Fig. 2).
Interestingly, the 135 N-terminal residues and the ~140 C-terminal residues of the long Dits
align well with the full length of the classical Dit protein from phage p2. Dit proteins from
phages SPP1 (Veesler et al., 2010), TP901-1 (Veesler et al., 2012) and p2 (Sciara et al.,
2010), for which the X-ray structures have been determined, are assembled as hexamers with
each monomer composed of an N-terminal belt domain (residues 1-132), forming a
hexameric ring, and a galectin-like domain protruding from the periphery of the ring (Fig. 1).
Noteworthy, DitT5 shares a similar structure in which the galectin domain is replaced by an
OB-fold domain (Flayhan et al., 2014). However, compared to DitSPP1 and DitTP901-1, Ditp2
possesses a ~40 residue insertion, the "arm" and "hand", within the galectin loop, that serves
to attach the RBP to the rest of the baseplate (Sciara et al., 2010). The hand, at the extremity
of the arm extension, inserts in a groove of the RBP's trimeric N-terminal or 'shoulder'
domains in order to facilitate its attachment to the baseplate ((Sciara et al., 2010); PDB ID
2WZP). Any variation in the Dit arm loop should therefore correlate with corresponding
variations in the RBP shoulders. Several Dit residues in the "arm" and "hand" interact with
RBP 'shoulders', and are, as might be expected, conserved within the phages analyzed in this
study
Internal insertions of ~146-172 residues are observed that make up the length

difference between the classical and evolved Dits (Fig. 2). These insertions were aligned and
grouped into four distinct classes (Fig. 3). The first class, Class 1, comprises 18 members
with an insertion length of 171/172 residues and 24 variable positions (Fig. 3a). Class 2, with
16 members, possesses an insertion of 166 residues and 18 variable residue positions (Fig.
3b). The two members of Class 3 have an insertion length of 151 and 163 residues and
exhibit a larger number of variable positions (Fig. 3c). Class 4 (2 members) Dits have a short
insertion of 146 residues and 6 variable positions (Fig. 3d).
HHpred analysis was performed on the CBM region of a selection of Dit proteins, one

from each class (i.e. phages Phi17, Phi10.5, 712 and PhiL.6). HHpred analysis of the Dit
insertions of these four phages reported PDB ID 5E7T as the first hit with probabilities of
98.5-99.3% (Fig. 4). The PDB entry PDB ID 5E7T corresponds in part to the baseplate
structure of lactococcal phage Tuc2009, and encompasses the RBP, the C-terminal domain of
BppU (a baseplate scaffolding module) and BppA, an extra CBM module attached to BppU
This article is protected by copyright. All rights reserved.

through a titin-like domain linker (Legrand et al., 2016). More precisely, HHpred alignments
employing the Dit insertions identified BppA, i.e. part of the linker and the complete CBM
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domain. Other CBM hits were reported with lower probabilities (65-45%) for phage Phi17
Dit insertion (Class 1), all covering the central part (residues 66-147) of the insertion (Fig.
4a). In contrast, BppA was the unique hit of Class 2 phage 10.5 insertion (Fig. 4b). For Class
3, several CBM hits of high probability (90-96%) followed that of BppA, covering residues
24-134 out of 151 (Fig. 4c). The same pattern was observed for Class 4, with CBM hit
probabilities of 88-93% covering insertion residues 32-128 (Fig. 4d).
Alignments of phages Phi17, Phi10.5, 712 and PhiL.6 Dit insertions with BppA reveal

low but significant identities of 24%, 21%, 21% and 25%, respectively (Fig. S1a). We
noticed, however, that a stretch of residues corresponding to BppA residues ~180-210 is
much more conserved (65-70%). In BppA, these residues, together with the N-terminal
domain (1-15), form a small linker domain between the titin-like and the CBM domain (Fig.
S1b). However, in the Dit insertions, the N-terminal part of this small domain was not
identified at the N-terminus of the insertion (Fig. S2). We wondered whether this high
identity stretch had biased the HHpred result, pushing BppA to the top of the hit list at the
expense of other CBM domains. We therefore performed HHpred searches following
deletion of residues from the search sequence, revealing that BppA remained the best hit and
that our initial results were not biased (Fig. S2).
The borders of the Dit ‘junction’ that flank the BppA-like CBM module within the

long Dits were precisely defined from the sequence alignments between evolved Dits and
(the classical) Ditp2. These alignments revealed that insertions are located within the Ditp2
hand domain, in the most peripheral part of Ditp2. We therefore modeled a Dit insertion using
the Ditp2 structure ((Sciara et al., 2010); PDB ID 2WZP) and the Tuc2009 BppA structure
((Legrand et al., 2016); PDB ID 5E7T) (Fig. 1b,c)). This analysis and modelling revealed that
the six BppA-like modules (i.e. one for each Dit monomer of the six present in the baseplate)
are located at the Dit hexamer periphery and protrude from it, a location that would be
compatible with host binding (Fig. 1b,c).

This article is protected by copyright. All rights reserved.

Production of Dit or Dit CBM Insertions and Fluorescent Binding Assays
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In order to validate the predictions of the bioinformatics study, we decided to assess
the CBM/host association in vivo by incubating fluorescently tagged phage proteins or
protein domains with host cells, followed by microscopy imaging to determine specific hostbinding capabilities. For this purpose, we expressed 5 Dits or Dit domains, encompassing
putative CBMs from 3 of the 4 “evolved” Dit classes (attempts to express a Dit protein from
Class 3 failed due to insolubility of the protein) as translational N-terminal fusions to a GFP
tag at the N-terminus to be visualized by fluorescent microscopy. We also selected and
expressed two classical Dits as negative controls (Table 1).
Phi17 full-length Dit (Class 1), Phi10.5 Dit insertion and Phi2R14S full-length Dit

(both Class 2), and PhiL.6 full-length Dit and Phi8R06S full length Dit (both Class 4), were
all found to bind to their specific host when adding the proteins at a quantity of 5, 25,10, 15,
and 15 µg (corresponding to 0.53, 4.8, 1.0, 2.83, and 2.82 µM), respectively (Table 1, Fig. 5).
For each Dit, the quantity of protein added corresponds to the minimum required amount to
consistently achieve and observe binding. The two Dit controls (i.e. with no CBM insertion
present, corresponding to phages p2 and 4.2) were found, as expected, to be unable to bind
their host (Fig. S3), even at quantities up to 100 µg (6.1 / 3.9 µM, respectively). Those Dits
that did elicit host-specific attachment appeared to perform localized binding to the host cell
surface, in areas where cell division and septum formation would be expected to occur (Fig.
6). This is highlighted by the similarity of a number of the fluorescent micrographs to images
from previous studies on the localization of the bacterial septum (Kramer et al., 2008, Le
Bourgeois et al., 2007, Weiss, 2004, Ghigo et al., 1999).

Strain and CWPS specificity
Having verified the expected host-binding capacity of the evolved Dits, we then

sought to investigate their specificity towards the host and its putative CWPS receptors. To
this end, we examined the binding of phage Phi17 Dit (DitPhi17; belonging to Class 1) to five
hosts that are infected by this phage, and five others that are not. The binding results show
that DitPhi17 binds to all examined lactococcal strains that are infected by Phi17, and not to
any examined strain that is not infected by Phi17 (Table 2, Fig. 7). In terms of the DitPhi17
receptor, it should be noted that the five infection-positive hosts belong to CWPS type C

This article is protected by copyright. All rights reserved.

(except for strain L, whose CWPS type is unknown), while the five strains that do not act as
hosts for Phi17 belong to CWPS types A and B, as well as a non-host type C strain, thus
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indicating a link between Dit binding to the CWPS type of the host and infectivity.
We then tested the specificity of Dits from phages Phi10.5 and Phi2R14S (belonging

to Class 2) towards four hosts and their CWPS receptors and four non-hosts. Here again, the
binding results show that these Dits bind to all examined lactococcal strains that are infected
by the corresponding phage, while they do not exhibit any binding activity towards strains
that are non-hosts (Table 2, Fig. S4, S5). Noteworthy, they bind to hosts that possess a type B
CWPS, while they do not elicit binding activity towards strains belonging to CWPS types A
or C. The Dits of phages PhiL.6 and Phi8R06S (Class 4) were similarly assayed (Table 2,
Fig. S6, S7), and likewise were shown to bind to the four hosts (three C type strains and one
undetermined), and none of the four non-host strains (A, B, and C type CWPS). These results
therefore suggest that the Dit-associated CBD specifically recognizes a saccharidic
component of the CWPS.
From previous findings we know that the RBP of a given 936 group phage

specifically recognizes a particular CWPS type (Mahony et al., 2013). Based on this
knowledge we decided to perform similar experiments with the RBP of phage Phi17 in order
to compare its binding to that of the corresponding Dit, and confirm that the Dit also
specifically recognizes a particular CWPS type. To this end, we expressed Phi17 RBP with a
mCherry tag at its N-terminus and performed fluorescent binding assays with the same L.
lactis strains as for the Dit protein (Table 2). We observed exactly the same binding pattern
for Phi17 RBP and DitPhi17, confirming that both proteins specifically recognize a particular
CWPS type (Table 2, Fig. 8). Worth noticing, for both the Phi17 RBP and Dit, cell binding
appears to be localized, focused on areas where cell growth would be expected to take place
(Fig. 6A and F).

Examples of Dit insertions beyond members of the lactococcal phage 936 group
We already mentioned that Lactobacillus phages Dit-associated CBM decorations

were only recently shown to promote binding to the host (Dieterle et al., 2014, Dieterle et al.,
2017). We wondered whether these Dit insertions found in Lactobacillus phages and now in
members of the Lactococcus lactis 936 phage group are even more widespread. To this end,

This article is protected by copyright. All rights reserved.

we randomly examined various siphophages genomes, cherry-picking a few evolved Dits of
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interest.
We observed the presence of similarinsertions in other lactococcal phages besides

those from the 936 group. Lactococcal phage 1706, from the eponymous group, possesses a
547 residue long Dit. HHpred analysis indicates the presence of a long insertion (PDB ID
5LY8) between residues 204 and 472 inside an SPP1-like Dit (Fig. 9). The structure closest
to this insertion is the CBM2 module of Lactobacillus casei BL23 phage J-1 evolved Dit, the
first example of an evolved Dit reported in literature (Dieterle et al., 2017). Furthermore, we
identified ~50 phages infecting Streptococcus thermophilus that possess a long Dit with a
CBM insertion. HHpred analysis of one of these streptococcal phages (phage 0091) reveals a
pattern close to that of phage 1706 with the same PDB ID 5LY8 insertion (Fig 9). The same
pattern applies to several other phages: Bacillus cereus phage BDRD-cer4, Bacillus
thuringiensis phage ATCC 10782, and Listeria monocytogenes phage A006, as identified
examples. Phage OE33PA from Oenococcus oeni (Philippe et al., 2017) exhibits an insertion
with another type of CBM, PDB ID 1GUI, corresponding to the CBM4 from Thermotoga
maritima (Boraston et al., 2002) (Fig. 10). Several mycobacterial phages are also predicted to
possess evolved Dits. Both Mycobacterium smegmatis phage Gage and Mycobacterium
avium phage XTB exhibit insertions related to PDB ID 4B1L and PDB ID 4B1M, describing
the structure of CBM66 from Bacillus subtilis (Cuskin et al., 2012) (Fig. 9). Thus, it is
apparent that the incorporation of these CBM insertions is repeated time and again in phages
infecting Gram-positive hosts.

DISCUSSION
In addition to their RBP, many members of the so-called 936 group of bacteriophages

harbor CBM-encompassing ‘decorations’ on the Dit baseplate component. Dit decorations
have largely been ignored to date, while such decorations on Lactobacillus phages were only
recently shown to promote binding to the host (Dieterle et al., 2014, Dieterle et al., 2017).
These decorations are not specific to Lactobacillus or Lactococcus phages: our nonexhaustive survey indicates that they are present, and even abundant, in Gram-positive
bacterial species, including Mycobacterium.

This article is protected by copyright. All rights reserved.

It is also highly gratifying to note that, with a rather limited number of known module
structures in the siphophage sphere, our analysis retrieved so many hits against these
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modules. However, it should be mentioned that the hits retrieved by HHpred generally share
low amino-acid identity with their query (15-25%). This indeed tells us that the folds are
similar, but that the binding pockets are likely to be very different. This should not be taken
as an indication of the CWPS recognized by the hit. Similarly, queries that share the same hit
can differ widely, as this is only an indication of a common fold. This is illustrated by our
936 group analysis that distinguished 4 different classes, even though BppA is reported as a
common HHpred hit.
Here we also show that the full-length Dits (or Dit CBM) from members of the

lactococcal 936 phage group bind to host strains with the same selectivity as the complete
virion. Experiments with different infective and non-infective strains have demonstrated that
the Dit and RBP of Phi17 bind to the same host(s), and hence almost certainly to the same
CWPS. The correlation between the binding abilities of the Dits from phages Phi10.5,
2R14S, PhiL.6, and 8R06S on the one hand and the host ranges exhibited by the full phage
on the other indicates that this is the case for many if not all “evolved” Dit proteins. The
RBPs of the 936 phages have previously been categorized into five groups (I-V) based on
sequence similarity and host preference (Mahony et al., 2013, Murphy et al., 2016). In a
further step, each RBP group has been associated with a CWPS type (Mahony et al., 2013,
Ainsworth et al., 2014, Murphy et al., 2016). Gathering the results concerning all the 936
groups used in this study, we can extend the RBP/CWPS correlation to a wider
Dit/RBP/CWPS correlation (Table 3). For example, we observe that RBP groups IV and I,
both associated with CWPS type C, correlate with Dit Classes 1 and 3, respectively, while
RBP group III, associated with CWPS type B, is correlated with Dit Class 2 (Table 3). This
evolved-Dit/RBP/CWPS correlation suggests that RBP and Dit proteins have evolved in a
concerted manner to adapt to the same host-specific CWPS type.
It appears also that these modules bind most specifically to the cellular growth

regions. This may be to ensure that a phage preferentially attacks an actively growing
bacterium which is more likely to produce a high number of progeny phages in comparison to
a non-growing, perhaps starved or dying, stationary bacterial cell. Furthermore, phages from
the 936 group can infect their host only during the exponential phase, in contrast to, for
example, phages from the P335 group that can infect their host both during the stationary and
exponential phases. It has been suggested that these contrasted lifestyles reflect the fact that
This article is protected by copyright. All rights reserved.

phages from the P335 group possess cell wall hydrolysing enzymes (Kenny et al., 2004),
while those of the 936 group lack them. The peptidoglycan is cross-linked at stationary
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phase, and P335 phages need the peptidase activity for their DNA to penetrate the cell wall.
TP901-1 mutants lacking the peptidase exhibit abolished infectivity (Stockdale et al., 2013).
Reversely, cell wall growth regions are not cross-linked and hence are more favourable to
DNA passage.
RBPs are the main host adhesion moieties of phages, as they bring specificity and

strong adhesion (McCabe et al., 2015). It was reported that phage adhesion to hosts may
occur by means of a two-tier mechanism: an initial CBM-mediated reversible and nonspecific adhesion which is intended to scout for favorable hosts, followed by specific and
irreversible adhesion involving RBPs. The finding that Dit-associated CBMs exhibit the same
specificity as the virion (as elicited by RBPs), suggests that they are not involved in such a
mechanism. Instead, we suggest that their position, projected far from the baseplate core, may
help to grasp the host in any orientation of the virion, thus allowing the RBPs to deploy and
orientate the virion properly for DNA injection, perpendicular to the host cell-wall (see also
(Bebeacua et al., 2013)).
We anticipate that this example of structural analysis of phage sequences will

stimulate further explorations of lactococcal phages and beyond. The combination of
sequence/structure analysis with HHpred prevents functional mis-assignments of (phage)
proteins and improves existing annotations. This approach is ideal for the identification of
adhesion domains of currently unknown function/structure in order to facilitate a next
generation of structure-function studies to advance current knowledge of phage-host
interactions of the ubiquitous Siphoviridae phages. Therefore, it may be more efficient to
concentrate structural efforts on unknown parts of phage proteins, which may allow a cascade
of new functional assignments.

METHODS
Hosts and bacteriophages strains
A total of 15 strains of the bacterial species L. lactis were used in this study: L. lactis

strains 2, 3, 4, 5, 8, 9, 10, 13, 17, A, C, E, L, M, NZ9000 (Table S2). Bacterial strains were
cultured overnight at 30 °C in M17 broth (Oxoid, Hampshire, UK) supplemented with either
This article is protected by copyright. All rights reserved.

0.5 % w/v lactose (LM17) in the case of strains A-T and 1-20, or 0.5 % w/v glucose (GM17)
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for all other strains.
Of the 115 phages from the 936 group included, 25 are reported for the first time in

this study. Of these, 24 phages were isolated from whey samples collected in 2015 from a
Dutch dairy plant (F3) as previously reported (Murphy et al., 2013). An additional phage,
phage MP1, was isolated from a waste sample in 2017. Whey sample screening, phage
isolation, and phage DNA extraction were performed as described previously (Murphy et al.,
2013, Murphy et al., 2016). Whey samples were screened against a selection of forty
bacterial strains (designated 1-20 and A-T) previously isolated from two undefined mixed
starter cultures via the double-layer plaque assay method (Lillehaug, 1997), with previously
described modifications (Murphy et al., 2013, Murphy et al., 2016). Phage isolates were
differentiated via multiplex PCR (del Rio et al., 2007), as well as enzyme restriction digests
performed on phage DNA as recommended by the manufacturer (Thermo Scientific, United
States).
Sequencing of novel phages was performed using the Illumina MiSeq Sequencing

System, and genome assembly using MIRA v4.0.2. Open reading frame prediction was
performed with Prodigal v2.6, and the quality of the final contigs was improved with
Burrows-Wheeler Aligner, SAMtools suite and VarScan v2.2.3. Annotation of the ORFs was
performed using BLAST against NCBI databases and HMMER against the PFAM database.
The genome sequences of the phages have been deposited in the Genbank database, with
accession numbers listed in Table 1. The remaining 936 phage genomes were retrieved from
the NCBI database (http://www.ncbi.nlm.nih.gov/) and accession numbers are listed in Table
S1.

Bioinformatic analysis
The protein sequence and structure analysis was performed using HHpred (Homology

detection & structure prediction by HMM-HMM comparison) using standard mode
(Hildebrand et al., 2009, Soding et al., 2005). The sequence alignments were performed with
Multalin (Corpet, 1988). Modular visualization and modeling were performed with Coot
(Emsley & Cowtan, 2004, Emsley et al., 2010), Chimera (Pettersen et al., 2004) and Pymol
(Pymol).
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CBM-encoding gene Cloning
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Ten DNA regions encoding 8 “evolved” Dits or domains from 6 phages, and two
“classical” Dits (short) from two phages, were designed for expression in Escherichia coli
(Fig. 3). Phage DNA was isolated using the Norgen Biotek Phage DNA Isolation Kit
(Ontario, Canada), and the 10 genes or regions of interest were amplified by PCR (KOD Hot
Start DNA Polymerase, Merck, Ireland). Purified PCR products were then cloned into a GFP
vector using the NZYEasy Cloning Kit (NZYTech genes & enzymes, Portugal). Phi17 RBP
gene was amplified by PCR, and the purified PCR product was then cloned into pHTPmCherry. All recombinant proteins possessed a hexa-histidine tag for purification, as well as
a TEV recognition sequence. Recombinant plasmids were transformed into NZY5α
competent E. coli as previously described (Turchetto et al., 2017). The list of proteinassociated DNA sequences is presented in Dataset S2.

Protein production
All steps were carried out in 24-deep-well plates (DW24) with minor modifications of

the lab standard protocol (Saez & Vincentelli, 2014), which is described briefly below. The
recombinant plasmids were used to transform Rosetta™ (DE3) pLysS E. coli cells. For the
production, in each DW24; 12 × 2 mL of auto-induction medium (NZYTech genes &
enzymes, Portugal) supplemented with kanamycin (50 μg/mL) and chloramphenicol (34
μg/mL) was inoculated (1/40 v/v) for each protein. DW24 plates were then incubated for 24 h
at 25 °C in a Microtron shaking incubator (INFORS-HT, Switzerland) (600 rpm). Cells were
collected by centrifugation and each well re-suspended in 0.5 mL of lysis buffer (50 mM
Tris, 300 mM NaCl, 10 mM imidazole, pH 8.0, 0.25 mg/mL Lysozyme) by 15 minutes
shaking at 20 °C in a Microtron shaking incubator (INFORS-HT, Switzerland) (800 rpm).
The DW24 plates were frozen at −20 °C. For purification, plates were thawed for 10 minutes
at 37 °C in a water-bath followed by 15 minutes shaking at 20 °C in a Microtron shaking
incubator. Protein purification was then performed as previously described (Saez &
Vincentelli, 2014, Turchetto et al., 2017).
We selected for large-scale production for further study proteins that demonstrated

promising results during fluorescent binding assays. In this case, 100 mL of auto-induction
medium containing kanamycin (50 μg/mL) and chloramphenicol (34 μg/mL) was inoculated
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(1/100 v/v) for each protein. Cultures were then incubated for 24 h at 25 °C in a Multitron
Standard shaking incubator (INFORS-HT, Switzerland) (300 rpm). Cells were collected by
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centrifugation and resuspended in a volume of lysis buffer dependent on the final culture OD
of the individual expression, which was then frozen at −80 °C overnight. Cells were thawed,
and incubated with 10 µg/mL DNAse and 20 mM MgSO4 for 30 minutes shaking at 24 °C.
To ensure complete cell lysis, cells were sonicated (Soniprep 150, MSE, UK) for 5 minutes
(power 15, 30 s ON/OFF cycles), and subsequently centrifuged for 30 minutes at 20,000 × g.
Proteins were then purified using Ni Sepharose 6 Fast Flow resin (GE Healthcare, Sweden)
and eluted with 250 mM imidazole elution buffer (50 mM Tris, 300 mM NaCl, 250 mM
imidazole, pH 8.0). Purified protein was dialyzed overnight against protein buffer (50 mM
Tris-HCl, 300 mM NaCl, pH 8.0), before being frozen at −80 °C until further use.

Fluorescent Binding Assays
Cell binding assays using fluorescently labeled Dit proteins or domains were

performed as described previously (Dieterle et al., 2017), with a number of modifications.
Briefly, 0.3 ml of the relevant host cells (Fig. 3) in the exponential growth phase were
harvested and resuspended in 100 µl of SM buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl,
10 mM MgSO4). Cells were incubated with between 5 µg and 100 µg (as appropriate) of
fluorescently labeled protein for 12.5 minutes at 37 ºC. Cells were washed twice in SM
buffer, and fluorescent binding was visualized by microscopy. Initial fluorescent binding
assays using proteins produced via high-throughput expression were viewed via fluorescent
microscopy at a magnification of 60X (Olympus AX70 Provis Upright Research Microscope,
Olympus Corporation, Japan). Fluorescent binding assays performed on proteins of particular
interest were viewed using confocal microscopy (Zeiss LSM 5 Exciter, Zeiss, Germany) to
achieve high-resolution images, with a wavelength of 488 nm for GFP excitation, and 514
nm for mCherry. Images were analyzed and compiled using the Zen 2.3 Lite software
package (Zeiss, Germany).
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Nucleotide sequence accession numbers
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Accession numbers are listed in Table S1.
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FIGURE LEGENDS
Figure 1. The baseplate of the 936 phage group. a. Electron microscopy structure of the
tail (green) and baseplate (orange) of phage p2, which possesses a “classical” Dit (Bebeacua
et al., 2013). b. Side-view ribbon structural model of a 936 phage non-activated baseplate
depicting RBPs (blue), the Tals (green) and Dits (orange for the "classical" domain) and the
BppA insertion (yellow) within the arm extension of Dit (Sciara et al., 2010). c. 90° view
(from bottom) with respect to b. d. Side-view ribbon structural model of a 936 phage Ca2+activated baseplate. Same colors as in b and c.
Figure 2. Sequence alignment of CBM insertions from Dit proteins listed in Fig. 1 and
identified in currently available genome sequences of members of the lactococcal 936 phage
group. Fully conserved amino acids are in red and partially conserved in blue. Otherwise in
black.
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Figure 3. Sequence alignment of the four classes of insertions in evolved Dit proteins.
Classes 1 to 4 from top to bottom. Fully conserved amino-acids are in red and the partially

Accepted Article

conserved in blue, otherwise in black.

Figure 4. Full sequence HHpred analysis of the insertions of evolved Dit proteins.The
HHpred output and statistics are followed by the alignment of each class leader with BppA,
from residue 8 to 208. a. Analysis of the CBM insertion of the phage Phi17 Dit, the phage
representative of Dit Class 1. b. Analysis of the CBM insertion of the Dit of phage Phi10.5,
the phage representative of Dit Class 2. c. Analysis of the CBM insertion of the Dit of phage
712, the phage representative of Dit Class 3. d. Analysis of the CBM insertion of the Dit of
phage PhiL.6, the phage representative of Dit Class 4.

Figure 5. Fluorescent binding assays of GFP-labelled Dits or Dit-CBMs to host cells. a.
Binding of the Dit protein of phage Phi17 to host strain L. lactis E (CWPS Type C). Protein
was added at a quantity of 5 µg. b. Binding of the CBM domain of the Dit of phage Phi10.5
to host L. lactis 10 (CWPS Type B). Protein was added at a quantity of 25 µg. c. Binding of
the Dit of phage Phi2R14S to host strain L. lactis 2 (CWPS Type B). Protein was added at a
quantity of 10 µg. d. Binding of the Dit of phage PhiL.6 to host strain L. lactis L (unknown
CWPS Type). Protein was added at a quantity of 15 µg. e. Binding of the Dit of phage
Phi8R06S to host strain L. lactis 8 (CWPS Type C). Protein was added at a quantity of 15 µg.
Cells were visualized using differential interference contrast (DIC) microscopy (panels on the
left), and fluorescent confocal microscopy (panels on the right) at GFP excitation wavelength
of 488 nm. Scale bars correspond to 10 µm.

Figure 6. Fluorescent binding assays of GFP-labelled Dits or Dit-CBMs to host cells
demonstrating the localized nature of binding. a. Binding of the Dit protein of phage
Phi17 to host strain L. lactis E (CWPS Type C). Protein was added at a quantity of 5 µg. b.
Binding of the CBM domain of the Dit of phage Phi10.5 to host L. lactis 10 (CWPS Type B).
Protein was added at a quantity of 25 µg. c. Binding of the Dit of phage Phi2R14S to host
strain L. lactis 2 (CWPS Type B). Protein was added at a quantity of 10 µg. d. Binding of the
Dit of phage PhiL.6 to host strain L. lactis L (unknown CWPS Type). Protein was added at a
This article is protected by copyright. All rights reserved.

quantity of 15 µg. e. Binding of the Dit of phage Phi8R06S to host strain L. lactis 8 (CWPS
Type C). Protein was added at a quantity of 15 µg. f. Binding of the mCherry labelled RBP of
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Phi17 to host strain L. lactis E (CWPS Type C). Protein was added at a quantity of 5 µg.
Cells were visualized using differential interference contrast (DIC) microscopy (panels on the
left), and fluorescent confocal microscopy (panels on the right) at the GFP excitation
wavelength of 488 nm, or at the mCherry excitement wavelength of 514 nm. Scale bars
correspond to 10 µm.

Figure 7. Host binding range assay of the GFP labelled Dit of Phi17 against 10 strains:
five hosts sensitive to the indicated phage (a-e), and five non-host strains (f-j). a. Binding to
host strain L. lactis 8 (CWPS Type C). b. Binding to host strain L. lactis 9 (CWPS Type C).
c. Binding to host strain L. lactis E (CWPS Type C). d. Binding to host strain L. lactis L
(CWPS Type Unknown). e/ Binding to host strain L. lactis M (CWPS Type C). f/ Binding to
host strain L. lactis 2 (CWPS Type B). g/ Binding to host strain L. lactis 10 (CWPS Type B).
h/ Binding to host strain L. lactis 17 (CWPS Type B). i/ Binding to host strain L. lactis 5
(CWPS Type C). j/ Binding to host strain L. lactis C (CWPS Type A). In all cases, protein
was added at a quantity of 5 µg. Cells were visualized using differential interference contrast
(DIC) microscopy (panels on the left), and fluorescent confocal microscopy (panels on the
right) at the GFP excitement wavelength of 488 nm. Scale bars correspond to 10 µm.

Figure 8. Host binding range assay of the mCherry labelled RBP of Phi17 against 10
strains: five hosts which the mature phage is capable of infecting (a-e), and five non-host
strains (f-j). a. Binding to host strain L. lactis 8 (CWPS Type C). b. Binding to host strain L.
lactis 9 (CWPS Type C). c. Binding to host strain L. lactis E (CWPS type unkown). d.
Binding to host strain L. lactis L (CWPS Type Unknown). e. Binding to host strain L. lactis
M (CWPS Type C). f. Binding to host strain L. lactis 2 (CWPS Type B). g. Binding to host
strain L. lactis 10 (CWPS Type B). h. Binding to host strain L. lactis 17 (CWPS Type B). i.
Binding to host strain L. lactis 5 (CWPS Type C). j. Binding to host strain L. lactis C (CWPS
Type A). In all cases, protein was added at a quantity of 5 μg (0.81 µM). Cells were
visualized using differential interference contrast (DIC) microscopy (panels on the left), and
fluorescent confocal microscopy (panels on the right) at the mCherry excitement wavelength
of 514 nm. Scale bars correspond to 10 μm.
This article is protected by copyright. All rights reserved.

Figure 9. Full sequence HHpred analysis of evolved Dit proteins from various bacterial
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species. The name of the bacterial species/strain is indicated above the HHpred output.

Table 1. Phage Dit/Dit-insertions selected for production and binding assays.

This article is protected by copyright. All rights reserved.

Table 2. Binding of the RBP and Dit of phagePhi17,the CBM region of the Dit of Phi10.5,
and the Dits of Phi2R14S, PhiL.6, and 8R06S Dit to a selection of host and non-host strains.
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(nd: non determined; CWPS: cell wall polysaccharide). Types are according to (Mahony et
al., 2013, Ainsworth et al., 2014). + denotes binding was observed, while – indicates no
binding.

Strain (CWPS Type)

Host Strains

Non-Host Strains

Class 1 Dits
8(C)

9(C)

E(C)

L(nd)

Phi17 Dit

+

+

+

+

Phi17 RBP

+

+

+

+

Strain (CWPS Type)

M(C)

2(B)

10(B)

17(B)

5(C)

C(A)

+

-

-

-

-

-

+

-

-

-

-

-

Class 2 Dits
2(B)

10(B)

17(B)

3(B)

C(A)

4(C)

13(C)

A(C)

Phi2R14S Dit

+

+

+

+

-

-

-

-

Phi10.5 Dit-CBM

+

+

+

+

-

-

-

-

Strain (CWPS Type)

Class 4 Dits
8(C)

9(C)

L(nd)

M(C)

C(A)

2(B)

10(B)

13(C)

PhiL.6 Dit

+

+

+

+

-

-

-

-

Phi8R06S Dit

+

+

+

+

-

-

-

-
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Table 3: Correlation between Dit classes, RBP groups(Murphy et al., 2016) and CWPS types
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(Mahony et al., 2013, Ainsworth et al., 2014).

Phage

Phi17
PhiL.18
Phi16
Phi40
PhiM.16
Phi145
Phi91127
PhiM.5
MP1
Phi93
Phi109
Phi155
PhiE1127
PhiM1127
16W12L
16W23
MW18L
MW18S
Phi10.5
2R15M
2R15S
2R15S2
3R07S
2R06A
10W24
10W22S
10W18
3R16S
6W06
6W18L
17W11
17W12M
2R14S
biBB29
712
SL4
PhiL.6
8R06S

Dit
class

RBP
Group

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
4
4

IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
I
I
IV
IV

Host
CWPS
Type
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
C
nd
C
C

nd: CWPS type is not known
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