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Abstract

Bacteriophages (phages) outnumber bacteria ten-to-one and cause infections at a rate of 10%° per
second. The ability of phages to reduce bacterial populations make them attractive alternative
antibacterials for use in combatting the rise in antimicrobial resistance. This effort may be hindered
due to bacterial defences such as Bacteriophage Exclusion (BREX) that have arisen from the constant
evolutionary battle between bacteria and phages. For phages to be widely accepted as therapeutics
in Western medicine, more must be understood about bacteria-phage interactions and the
outcomes of bacterial phage defence. Here, we present the annotated genomes of twelve novel
bacteriophage species isolated from water sources in Durham, UK, during undergraduate practical
classes. The collection includes diverse species from across known phylogenetic groups. Comparative
analyses of two novel phages from the collection suggests they may be founding members of a new
genus. Using this Durham phage collection we determined that particular BREX defence systems
were likely to confer a varied degree of resistance against an invading phage. We concluded that the
number of BREX target motifs encoded in the phage genome was not proportional to the degree of

susceptibility.

Importance

Bacteriophages have long been the source of tools for biotechnology that are in everyday use in
molecular biology research laboratories worldwide. Phages make attractive new targets for the
development of novel antimicrobials. Whilst the number of phage genome depositions has
increased in recent years, the expected bacteriophage diversity remains under-represented. Here
we demonstrate how undergraduates can contribute to the identification of novel phages, and that
a single City in England can provide ample phage diversity and the opportunity to find novel

technologies. Moreover, we demonstrate that the interactions and intricacies of the interplay
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between bacterial phage defence systems such as BREX and phages are more complex than
originally thought. Further work will be required in the field before the dynamic interactions
between phages and bacterial defence systems are fully understood and integrated with novel

phage therapies.
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Introduction

The interplay between bacteria and their viral predators, bacteriophages (phages), generates huge
selection pressure driven by an estimated infection rate of 10% per second (1). This constant
challenge-and-response has forced the evolution of a broad diversity of bacterial anti-phage defence
strategies including; restriction-modification (RM) systems (2), abortive infection systems (3-5) and
CRISPR-cas (6). The recent increase in the availability of high-quality sequencing data has allowed a
“guilt-by-association” approach to identifying defence islands. This has led to the discovery of a
plethora of new anti-phage systems including; viperins (7), CBASS (8), PARIS (9) amongst others (10—
12), many of which utilise conserved protein domains (13). The clustering of defence systems into
islands also implied a means of co-regulation, which was demonstrated by the discovery of the

widespread BrxR WYL-domain transcriptional repressors (14—16).

Analysis of genes linked to pglZ from the phage growth limitation defence system (17) identified
Bacteriophage Exclusion (BREX) systems, which are encoded within 10% of bacterial and archaeal
genomes (18). Together with gmrS/gmrD that encode a type IV restriction enzyme (19), BREX genes
form one of the most common defence island pairings (20, 21). We have recently demonstrated that
BREX and a GmrSD homologue, BrxU, both produced from a defence island encoded on a multidrug-
resistant plasmid of Escherichia fergusonii, provide complementary phage defence characteristics
(22). Of the six BREX sub-types, type | BREX contains six conserved genes; brxA, brxB, brxC, pglX, pglZ
and brxL (18). BrxA is a DNA-binding protein (23), BrxL is a DNA-stimulated AAA+ ATPase (24), whilst
the methyltransferase PglX methylates non-palindromic 6 bp sequences (BREX sites) on the N6
adenine at the fifth position of the motif, distinguishing host from foreign DNA (18, 22, 25, 26).
Though reminiscent of restriction-modification, the mechanism of BREX activity is currently

unknown.
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Phage collections can be used to aid mechanistic studies of defence systems (27). They allow a
consistent approach that will aid comparisons between homologues of defence systems, and
between different types of defence systems. They also allow interrogation of defence mechanisms in
reverse, using spontaneous resistant mutants derived from the phage collection to pinpoint key viral
factors (28—-30). Currently, we have characterised only a tiny fraction of the phage species
representing the estimated >10°° phage particles on Earth (31, 32). As phages have historically been
exploited in a range of industries, for example in food production (33—35), as a source of molecular
biology tools such as T7 RNA polymerase and T4 DNA ligase, and in the production of monoclonal
antibodies (36), it stands to reason that continued exploration of phage sequence space will yield
more tools. Due to the increasing prevalence of antimicrobial resistance (AMR) phages are also once
again gaining traction as a viable therapeutic route in Western medicine, building upon 70 years of
therapeutic use in countries such as Poland, Georgia and Russia (37, 38). Before phage therapy can
become a widely used treatment option more must be learnt about bacterial responses to phages,
and about any pitfalls the continuous arms-race between phages and bacteria may pose in clinical
outcomes (37, 38). All of these aims rely on the availability of characterised phage collections and

sequence data.

Here, we characterise a collection of Escherichia coli phages isolated during a final year
undergraduate practical workshop module that was inspired by a range of similar taught courses,
such as the SEA-PHAGES program (39). Students in this class isolated phages from waterways around
Durham, UK, for testing against BREX phage defence systems. We present morphological, genomic
and phylogenetic characterisation of a set of 12 new phages. Notably, two phages have low
similarity to any other species in the NCBI database and fulfil ICTV criteria (40, 41) for deposition as

related members of the same species, within a putative novel genus. We then use this Durham
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collection to test three BREX homologues. The BREX responses proved to be varied, with scale of
response having little correlation to number of BREX motifs, and in multiple cases differing BREX
homologues having strikingly different impacts on the same phage. These mechanistic outcomes
highlight the utility of the Collection and set-up future studies into the BREX response and other

bacteria-phage interactions.
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Results

Diverse coliphages exist in the waterways around Durham City

During 2016 and 2017, samples of water from natural sources around Durham City (UK) were
collected as part of an undergraduate practical course. Abridged details are available in Table 1, with
full collection details available in Table S1. These samples were enriched for phages able to infect
Escherichia coli DH5a, as previously described (22). The resulting plaques went through three rounds
of plaque purification, and the final set of 30 coliphages were made into lysates for further study.
Characterisation of this initial “Durham collection” demonstrated how the phages responded to a
phage defence island encoded on a multidrug-resistant plasmid, pEFER, from Escherichia fergusonii
ATCC35469 (22). The pEFER defence island encodes a Bacteriophage Exclusion (BREX) system and a
GmrSD family type IV restriction enzyme, BrxU. Through selective gene deletion followed by
Efficiency of Plating (EOP) assays, 13 of the phages were shown to be sensitive to BrxU (22). Here,
we sequenced the genomes of the 17 phages that were not BrxU sensitive (reserving the other 13
for a future study into DNA modification preference by BrxU). The genomes were sequenced using
either Illumina Hiseq or Novaseq 6000, or Oxford Nanopore MinlON sequencing. Having analysed
the genomic data, it was apparent that the 17 phages included some redundancy. As a result,
duplicates were removed, leaving a final set of 12 phages for downstream characterisation. As part
of removing redundancy the phage “PATM”, observed to be the same as phage “Pau”, was excluded.
This was interesting as Pau was isolated in 2016 from the River Wear, then PATM was isolated again
from the River Wear a year later, suggesting that Pau/PATM perhaps represent a stable part of the
microbial community, as has been described for other sites (42). We used CheckV v1.0.1 (43) to
assess the quality of the remaining 12 phage genomes using the full pipeline. All 12 phage genomes
showed no contamination and had high completeness scores (range: 95.3-100%, n=7 with 100%
completeness; see Table S1). They were all high-quality as per the Minimum Information about an

Uncultivated Virus Genome (MIUVIiG) standard (44). The internal CheckV quality of the genomes was



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

at least ‘high-quality’ (n=8) with some assessed as ‘complete’ (n=4: BB1, C516, Pau, Sip). These 12
genome sequences were annotated and submitted to Genbank. Whilst each phage was given its own
unique scientific name on submission to ENA, we use the abbreviated names throughout this

manuscript for ease (Table 1 and Table S2).

The obtained genomes were used for comparison against known phages in the database and to
examine relatedness within the collection through generation of a phylogenetic tree (Fig. 1). This
subset of the Durham Collection appears diverse, and includes representatives of the
Demerecviridae (BB1), Drexlerviridae (Sip), Schitoviridae (Jura), and Straboviridae (TB34) families,
the Vequintavirinae (Alma), Stephanstirmvirinae (Pau) and Ounavirinae (Trib and Baz) subfamilies,
and the Dhillonvirus (C516 and Mav) genus, as per the current ICTV taxonomy release

(https://ictv.global/taxonomy). Intriguingly, Mak and Bam could not be classified at the genus level;

this is explored later.

Snippy (https://github.com/tseemann/snippy) was used to probe for differences between the three

pairs of closely related Durham phages, specifically CS16 and Mav, Mak and Bam, and Trib and Baz
(Fig. S1 and Table S3). CS16 and Mav are very similar and share 99.96% nucleotide identity over
100% of the genome (BLAST-N), with six single nucleotide variations identified by Snippy (four within
hypothetical genes, one in the putative major tail protein and one intergenic SNP) (Fig. S1 and Table
S3). Bam and Mak could not be readily classified into existing families, but again are very similar at
the nucleotide level, with 99.99% identity over 100% coverage. According to recent guidelines (45),
two phages are considered the same species if they are more than 95% identical at the genome
level; therefore Mak and Bam can be considered the same species. Snippy identified 18 single

nucleotide variations between Mak and Bam (Fig. S1 and Table S3), included within genes for the



158  type Il holin, DNA-directed RNA polymerase, DNA ligase, DNA polymerase and three hypothetical
159  genes (Fig. S1 and Table S3). Prior phylogenetic analysis suggested that Trib and Baz belong to the
160  same genus, Felixounavirus (Fig. 1). Indeed, at the nucleotide level the phages appear to be very
161  similar (99.07% identity over 95% coverage). Nevertheless, Snippy identified 1466 single nucleotide

162  variations between Trib and Baz, distributed throughout the genomes (Table S2).

163

164  Transmission electron microscopy was performed on representative members of each of the

165 remaining nine phage groups (Fig. 2). Alma, Baz, Pau and TB34 were visualised with rigid tails and
166 baseplates suggesting a myoviral-like structure, Jura and Mak have short tail structures with overall
167  podoviral morphology, and BB1, Mav and Sip were observed to have long flexible tails indicative of a
168  siphoviral morphology (Fig. 2). All phages were imaged with full capsids, except for Sip that could
169  only be visualised with an empty capsid (Fig. 2). Curiously, BB1, was shown to produce a large range
170  of tail-lengths, which included vastly extended and flexible tails (Fig. S2). This may indicate a

171 mutation within the tail assembly apparatus, such as the tape-measure protein, that allows these
172  diverse structures to form. Collectively, these data show genomic and morphological

173  characterisation of our first cohort of coliphages in the Durham collection.

174

175  The Durham coliphages represent species across the collected bacteriophage

176  taxonomy

177 Next, we explored phylogenetic relationships between the Durham phages and existing viral
178  genomes in NCBI. First, we used mash screen (mash v2.3) (46), to compare the Durham phages
179  against all NCBI RefSeq genomes (using a compressed sketch database downloaded from

180  https://gembox.cbcb.umd.edu/mash/refseq.genomes.k21s1000.msh on 23" February 2023). The

181  top hits from the mash screen (Table S4) were all part of the family Caudoviricetes, which includes
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tailed bacteriophages. We therefore downloaded all (n=29,188) NCBI Genbank genomes within
Caudoviricetes as of 1 March 2023 (see Materials and Methods). We used fastANI v1.33 (fragment
length 3,000 bp, minimum genome fraction 0.05) (47) to calculate approximate average nucleotide
identity (ANI) of the Durham phage collection against all these genomes. The results confirmed that
the majority of the phages (10 out of 12, excluding Mak and Bam) could be classified to at least

genus level (Table S5).

To further contextualise the Durham phages relative to Escherichia phages in particular, we first
generated a subset of our NCBI dataset for the Caudoviricetes genomes to include only those
isolated from Escherichia (see Materials and Methods), resulting in 2,772 genomes. We then used
VIPtree (48) to build phylogenies based on proteomes. Because VIPtree online allows inputs of <200
genomes, we used an all-against-all approach to compare all Escherichia-Caudoviricetes genomes to
each other using fastANI v1.33 and then used the resulting similarity matrix to subsample down to
Caudoviricetes genomes that were classified to genus level. We subsequently selected one
representative genome for each genus ensuring the chosen genomes were maximally representative
of NCBI diversity (Table S6), fetching the taxonomic information for these representatives from NCBI
using the rentrez v1.2.3 package in R v4.1.2 (49). We then manually added in the 12 Durham phages,
and phages T1-7 plus Lambda as well-known examples of coliphages. The resulting phylogenetic tree
for this curated set of coliphage genomes demonstrates that the Durham coliphages include
representatives covering a wide breadth of known coliphage diversity (Fig. 3). Intriguingly,
throughout these analyses, phages Bam and Mak, whilst similar to each other, had no sufficiently

close relative and could not be assigned to a specific genus (Fig. 3).
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Escherichia phages Mak and Bam likely represent a novel bacteriophage genus

As there was no initial classification of Mak and Bam, we looked more deeply into potential known
relatives. Mak and Bam were isolated in the same year, from sites approximately 800 m away from
each other along the River Wear (Durham, UK). The genome sequences for both phages were used
in an initial BLAST-N search to find the most similar deposited relative. For both Mak and Bam,
Salmonella phage Rostov-1 (Genbank ID: MG957431.1) was identified as the top-scoring hit though
this was poor, with a shared identity of 78% across only 7% of the genomes. Mak and Bam each have
genome lengths of 40,137 bp, 47% GC content and differ by 19 SNPs (Fig. S1B and Table S3). Each
was annotated as encoding 48 and 54 putative proteins, respectively, and no tRNAs were identified
in either genome. A circularly permuted representation of the Mak genome (Fig. 4) shows how
hypothesised structural and nucleotide metabolism genes tend to cluster together, respectively, and
all but one predicted ORF is encoded on the positive strand. The genome of Bam was re-arranged to
match the same starting point as Mak (Fig. S3). Automated annotation identified an additional five
putative ORFs on the negative strand of Bam (Fig. S3). Whilst the majority of annotated putative
proteins encoded by Mak and Bam do share sufficient similarity with known proteins to suggest
function, there are exceptions (Fig. 4 and Fig. S3). Based on the respective automatically annotated
set of ORFs for each phage genome, 11 of 48 (23%) of predicted Mak ORF products and 19 of 54
(35%) of predicted Bam ORF product could not be assigned a likely protein family by InterProScan.
For these outliers, there were no proteins with significant similarity within the NR database used for
BLAST-P searches, nor could any domain families be assigned using InterProScan. This lack of
similarity to proteins in published databases has been observed elsewhere (50). It may be that this
does indeed indicate novel proteins, though there remains the possibility that these annotated

coding sequences could perhaps not be actively expressed.
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It was noted that Mak and Bam both encode a T7-like RNA polymerase (e.g. Mak CDS 35693-38377
bp), which would suggest that they both are members of the Autographiviridae family (50). A
curated subset of representatives from Autographiviridae was generated, consisting of 110 genomes
(Table S7). We then again used VIPtree (48) to generate phylogenies built on proteomes of these
representatives, alongside Mak and Bam (Fig. 5). The resulting tree demonstrates that within the
Autographiviridae family Mak and Bam cluster separately from the other genera and the closest
genus is represented by Chatterjeevirus (Fig. 5). As a result, we chose to look more closely into

subfamily relationships within Autographiviridae.

Using mash (46) and fastANI (47) the closest NCBI genomes to both Mak and Bam were within the
subfamily Studiervirinae, genus Chatterjeevirus (for example, NC_013651 which had an estimated
ANI of ~77% across 15% of the genome). We therefore downloaded all Genbank genomes within the
subfamily Studiervirinae (9™ March 2023, n=865) to contextualise Mak and Bam within the
Studiervirinae. ICTV 2021 v3 lists 24 viral genera within Studiervirinae, of which 21 have
representative genomes in Genbank. We applied the same ‘all-against-all’ subsampling approach
previously used to select our sub-sets of representative genomes and analysed them together with
Mak and Bam in VIPtree online (Fig. 6A). We also performed VIPtree analysis with all 27 available
Chatterjeevirus NCBI Genbank genomes (Fig. 6B). This confirmed that Mak and Bam represent novel
phage diversity even when compared directly against their closest known relatives: they cluster
away from known viral genera and they cluster separately from known species of the Chatterjeevirus
genus (Figs. 5 and 6). In our attempt to establish the taxonomy of Mak and Bam, it became clear that
these two phages cluster separately from any known viral genus and species. Bam and Mak showed
no significant sequence identity to any phage genome through BLASTn and we could not find any
close relative either through PhageClouds (51) or mash (46). Given that 70% sequence identity has

been defined as the cut-off threshold for the definition of distinct genera (45), we postulate that
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Mak and Bam are the first representatives of a new genus and are themselves members of the same
new species. We humbly suggest that “Palatinivirus”, might be an appropriate Genus name, in

reference to the history of County Durham.

BREX phage defence does not correlate to number of BREX motifs

Having established a characterised collection of phages, we returned to our initial motivation for
isolating novel phages; investigating phage defence mechanisms. BREX systems have been shown to
perform N6-adenine methylation at the 5™ position of non-palindromic 6 bp motifs (18, 22, 25, 26).
This distinguishes the host methylated DNA from incoming non-methylated DNA. Having obtained
genomic data for our phages, we could now analyse the genomes for the presence of target BREX
motifs. We chose to study three BREX systems as a means to investigate; (i) how the number and
distribution of BREX motifs in a phage genome might impact the BREX response; and (ii) whether
different BREX systems respond in the same way to the same phage. We selected three BREX
systems for which the BREX motif has already been mapped, and that have been shown to be active
in E. coli, and so can be tested against our phages. These are the BREX defence island from E.
fergusonii plasmid pEFER (22), the BREX system from E. coli HS (25), and the BREX defence island
from a sub-Saharan epidemic strain of Salmonella enterica serovar Typhimurium D23580 that is a
close homologue to a recently reconstructed lab Salmonella BREX system (26, 52) (Fig. 7A). Notably,
the pEFER defence island encodes BREX and BrxU, a type IV enzyme, but our test phages were
specifically selected as they are not targeted by BrxU, so the presence of BrxU does not interfere
with the experiment (22) (Fig. 7A). The E. coli BREX system has no known additional defence system
genes (Fig. 7A). Both the pEFER and E. coli systems were sub-cloned onto vectors for use in E. coli
DH5a (22, 25). The S. Typhimurium BREX defence island encodes a BREX system and a putative

PARIS phage defence system (9) (Fig. 7A). We sub-cloned the S. Typhimurium BREX system again for
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use in E. coli DH5a and deleted the two PARIS genes, ariA and ariB, to ensure that our experiments

remain focussed on BREX phage defence (Fig. 7A).

The pEFER BREX system (BREXgzr,) recognises GCTAAT motifs (bold underlining indicates the N6-
modified adenine). The E. coli BREX system (BREXg,;) recognises GGTAAG motifs and the S.
Typhimurium BREX system (BREXs;,) recognises GATCAG motifs. We mapped the number and
positions of these three BREX motifs in each of our Durham phages (Fig. 7B). In the three cases
where there are closely related phages (CS16/Mac, Mak/Bam, Trib/Baz), the genomes were aligned
at the same origin to allow comparison. This analysis showed great variation in the number of each
motif across the phages, from a high of 120 (the BREXs;, motif in TB34) and even zero in some cases
(the BREXs;, motif in phages Trib, Baz and Jura) (Fig. 7B). When BREX motifs were present, they
appeared to be spread throughout the phage genome without obvious clustering or strand

preference (Fig. 7B and Fig. S4).

To investigate diversity amongst BREX responses we performed EOP assays for all phages against
each of the three BREX systems (Fig. 7C and Table S8). All three BREX systems were shown to
provide active phage defence against select phages (Fig. 7C). Phages Trib, Pau, CS16 and Sip were
reduced for EOP by cells expressing BREX¢/, (Fig. 7C), as observed previously (22). Phages TB34,
Trib, Mak, Bam, CS16, Mav and Sip were reduced for EOP by cells expressing BREX¢; (Fig. 7C).
Phages TB34, Alma, PATM, BB1, CS16, Mav and Sip were reduced for EOP by cells expressing BREXs;,
(Fig. 7C). With all three BREX systems, the scale of phage defence varied from low protection (10-
100-fold), to high protection (EOPs of <10°®) (Fig. 7C). In no case was there a correlation between the
number of BREX motifs in the phage genome and the scale of BREX phage defence. For instance,

examining BREXgferg, Trib (44 motifs) and Sip (24 motifs) are similarly impacted 10- to 100-fold, but
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CS16 (23 motifs) is impacted 100- to 1000-fold and Pau (82 motifs) has an EOP of <10°® (Figs. 7B and
C). A clearer example showing how number of motifs does not correlate with BREX phage defence is
BREXg.o;; Bam and CS16 are the most impacted and have 41 and 32 motifs, respectively, whilst TB34
has only a 10- to 100-fold reduction and encodes 59 motifs (Figs. 7B and C). This indicates other

factors are involved in determining scale of BREX defence beyond simply number of BREX motifs.

It might be expected that phages without BREX motifs are not targeted, and that was the case for
Trib, Baz and Jura against BREXs, (Figs. 7B and C). Interestingly, Mak and Bam have one BREXs;, motif
but that was insufficient to induce BREX defence (Figs. 7B and C). Nevertheless, drawing conclusions
about numbers of BREX motifs and impact of phage defence from only those phages that are
reduced for EOP ignores the many phages with BREX motifs that were not targeted. We know that
phages can encode anti-phage defence genes (53). Examining BREXcz in isolation, we would
therefore be led to conclude that TB34, Baz, Alma, BB1, Jura, Mak, Bam and Mav all encode anti-
BREX genes. We performed searches in all 12 phage genomes for genes encoding homologues of the
known anti-BREX protein Ocr (53), and a range of other known phage encoded anti-defence factors
(Table S9). Unexpectedly, we did not find any obvious candidates, but of course that does not rule
out the possibility for novel BREX inhibitors. This suggests there may be further, yet to be identified,

anti-BREX mechanisms at work in these phages.

It is also important to consider BREX responses across the three systems, against a single phage. For
instance, with Pau, the genome encodes a similar number of each BREX motif, but only BREXgzerg
provides phage defence against Pau (Figs. 7B and C). This implies that Pau may encode an as yet
unidentified anti-BREX gene that can specifically inhibit BREXgco; and BREXsy, but not BREXgzer.

Alternatively, Pau may not encode an anti-BREX gene, but there could be something fundamental
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about the BREX mechanism that allows targeting of Pau by one BREX system, but not the other two.
These possibilities can be examined using the pairs of closely related phages. CS16 and Mav have
only six SNPs between them but vary in response to BREXgf,y and BREXg,; (Fig. 7C). Crucially, CS16
and Mav both have some susceptibility to BREX,.,; and are equally susceptible to BREXs,, so it is not
likely to be mutation of a single anti-BREX gene that makes the difference. In these cases, the
number of BREX motifs stayed the same. These data suggest there is a phenotypic change as a result
of the SNPs, dictating the BREX response. Without further molecular mechanistic data, outside the
remit of this study, it is not yet possible to hypothesise what this change might be. However, having
identified these changes it may be possible to now pursue mechanistic models through isolation and

characterisation of spontaneously BREX-resistant phages.

These EOP data collected for our phages tested against three BREX systems have shown a wide and
complex diversity of responses, informing us that the BREX mechanism is contextual and complex.
The scale of BREX response does not correlate to number of BREX motifs. Different BREX systems
can respond very differently to the same BREX-susceptible phage. BREX systems can either provide
differing levels of protection, or successfully target a phage resistant to another BREX homologue,

though sharing similar numbers of cognate BREX motifs.
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Discussion

Here, we have successfully sequenced and phylogenetically categorised 12 Escherichia coli phages
that were isolated for use in characterisation of phage defence systems such as BREX. We then
examined the morphological and genetic differences between each of our phages, and between our
phages and wider E. coli phages. We discovered that phages Mak and Bam are the first
representatives of a new putative genus “Palatinivirus”, and that Mak and Bam are close relatives of
a novel species within this genus. Using the obtained genome sequences, we were able to map the
distributions of motifs targeted by three different BREX systems and examine the response of each

characterised phage against each BREX system.

Phylogenetic analyses demonstrated that the selected Durham phages represented several different
families of previously described Escherichia phages, with C516 and Mav, Bam and Mak, and Trib and
Baz clustering in pairs (Fig. 1). It also showed that within one year there is not necessarily a large
turnover of phages within the natural water systems of Durham, as markedly similar phages were
isolated a year apart, and from water sources separated by distances of 1-2 kilometres (for instance

Pau and PATM, or Jura, SPSP and AL25; see Table S2).

Recent studies have found bacteriophages that could not be classified at the genus level (27, 54, 55).
Similarly, we were unable to categorise Mak and Bam at the genus level within the currently
accepted taxonomy (45, 56). Whilst we identified that Bam and Mak are likely members of the
subfamily Studiervirinae, they cluster away from other members of the Chatterjeevirus genus (Fig.
6). As per the guidelines for establishing new genera and species (40, 41), and recent precedent (57),

we propose that Mak and Bam represent the founding members of a novel genus, “Palatinivirus”.
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We expected that the majority of phages encoding BREX motifs would be susceptible to the cognate
BREX system. However, this was not the case (Figs. 7B and 7C), nor, as previously suggested (58, 59),
did the number of BREX sites correlate with impact on EOP by BREX. We therefore explored the
possibility that some of our phages may encode anti-BREX or other anti-defence proteins. Ocris a
known T7 phage DNA-mimic protein, that inhibits host restriction enzyme-based defence
mechanisms, and BREX, allowing T7 to infect cells that would otherwise be resistant (53). We
identified ten Ocr homologues using BLAST-P (Table S9) and used this mini-database to search for
homologues within our phage genomes. We also looked for homologues of DarB, which provides
resistance against type | restriction enzymes (60), in our phage genomes. None of our genomes
encoded contained obvious Ocr or DarB-like proteins, nor any of the other anti-defence genes that
were used for searches (Table S9). This search was, however, by no means exhaustive and further
anti-BREX and anti-defence proteins will no doubt be identified. Having established this BREX
response dataset, it will now be possible to explore the Durham collection for potential anti-defence

genes.

Curated phage collections can provide a stable basis for long-term comparisons of experimental data
and a platform for discovery (27). This initial deposition of phage genome data marks the beginning
of the Durham phage collection. It was produced as part of our undergraduate teaching, and we
hope to expand the program in future, mimicking previously established and highly successful public
engagement programs such as SEA-PHAGES (39). Developing and expanding the Durham collection
will provide insight into the local phage ecology, whilst allowing deeper understanding of phage-host
interactions such as identification of anti-BREX factors and determination of the BREX mechanism of

phage defence.
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Materials and methods

Bacterial strains and culture conditions

E. coli strain DH5a was sourced from Invitrogen. All strains were grown at 37 °C, either on agar
plates or shaking at 220 rpm for liquid cultures. Luria broth (LB) was used as the standard growth
media for liquid cultures and was supplemented with 0.35% w/v or 1.5% w/v agar for semi-solid and
solid agar plates, respectively. Growth was monitored using a spectrophotometer (WPA Biowave
C08000) measuring optical density at 600 nm (ODgg). When necessary, growth media was
supplemented with ampicillin (Ap, 100 pg/ml) chloramphenicol (Cm, 25 pg/ml), or kanamycin (Km,

50 pg/ml).

Use of environmental coliphages

The Durham collection of phages were initially harvested and isolated by undergraduates as
previously described (22). More details are available in Table S2. To make lysates, 10 ul of phage
dilution was mixed with 200 pul of E. coli DH5a overnight culture and mixed with 4 ml of sterile semi-
solid “top” LB agar (0.35% agar) in a sterile plastic bijou. Samples were poured onto solid LB agar
plates (1.5% agar) and incubated overnight at 37 °C. Plates showing a confluent lawn of plaques
were chosen for lysate preparations and the semi-solid agar layer was scraped off into 3 ml of phage
buffer. 500 ul of chloroform was added and samples were vigorously vortexed and incubated for 30
min at 4 °C. Samples were centrifuged at 4000 x g for 20 min at 4 °C and the supernatant was
carefully transferred to a sterile glass bijou. 100 pl of chloroform was added and lysates were kept at

4°C for long term storage.



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

DNA isolation and manipulation

All genomic DNA extraction steps in this study were carried out using either a Zymo Miniprep Plus kit
(Cambridge Biosciences) or a Monarch gDNA extraction kit (NEB). Primers for cloning protocols were
designed using the Benchling cloning design software, available online (benchling.com). Primers
were synthesised by IDT. More details of primers and plasmids are available in Tables 2 and 3,

respectively.

For generation of wild-type of the pBREXs, the BREX coding region was split into six fragments and
primers were designed to amplify each using the Benchling assembly tool (www.benchling.com).
Fragments were successfully amplified however, cloning attempts failed using these fragments
directly. In attempt to improve efficiency, individual fragments were cloned into pUC19 donor
plasmids. Fragments were cloned using a standard transformation method and plated on ampicillin
plates for selection. Sequencing confirmed the successful cloning of fragments into donor plasmids.
Full golden gate assembly was then attempted following the NEB protocol. Briefly, donor plasmids
were added at 2:1 molar ratio to pGGA destination vector with assembly mix and GG reaction buffer.
The reaction was cycled 30 times (37 °C, 5 min; 16 °C, 10 min) followed by a 55 °C, 10 min
inactivation step. Resulting reaction mixes were transformed into DH5a and plated on Cm for
selection. Sequencing confirmed correct assembly. The PARIS deletion was achieved by Gibson

assembly of mutant fragments (Table 2).

Phage genomic DNA was extracted using phenol-chloroform extraction methods. Briefly, 450 ul of
phage lysate was incubated with 4.5U DNase | (Thermo Scientific) and 2 pl 20mg/ml RNase | (NEB) at
37 °C for 30 min with shaking. Proteinase K was added (2.25 pl of 20 mg/ml stock (Thermo)) and 10%

SDS to a final concentration of 0.5% before incubation at 37 °C 30 min. The sample was then
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resuspended in 500 pl 24:24:1 (v/v) phenol:chloroform:isoamyl alcohol (PCl) before centrifugation at
4°C 5 min 16,000 x g. The aqueous layer was transferred to a new tube, PCl treatment was repeated
and the subsequent aqueous layer transferred to a new tube before treatment with 500 pl 24:1 (v/v)
chloroform:isoamyl alcohol and centrifugation as above. The aqueous layer was transferred to a new
tube and incubated with 45 pl 3 M sodium acetate pH 5.2 and 500 pul isopropanol for 15 min at room
temperature. DNA was pelleted by centrifugation at 4 °C for 20 minutes at 16,000 x g. The pellet was
washed twice with 70% ethanol before being left to soak overnight at 4 °C in EB (10 mM Tris-HCl 0.1
mM EDTA pH 8.5), TE (10 mM Tris-base 1 mM EDTA pH 8.0) or MilliQ dH,0. The integrity of gDNA
was assessed via 0.75% agarose gels and quantification was undertaken via NanoDrop One
(ThermoFisher). In some cases, a Phage DNA Isolation kit (Norgen BioTek Corp) was used, as per

manufacturer’s instructions.

Electron microscopy

Charge-discharged copper grids were soaked in high-titre phage lysate for 45 sec before 3 successive
washes in MilliQ followed by staining in 2% phosphotungstic acid. Excess stain was removed by
blotting before imaging via transmission electron microscopy, using a Hitachi H7600 operated at 100

kV accelerating voltage equipped with a EMSIS Xarosa camera and assessing images using Radius.

Phage genome sequencing and annotation

Extracted phage gDNA was sequenced either via MinlON Mk1C (Phages Alma and TB34), or by

Illumina sequencing via MicrobesNG, using either the lllumina HiSeq (Baz, Pau and BB1) or Illumina
Novaseq 6000 (remaining coliphages). Nanopore sequencing was carried out using a MinlON Mk1C
sequencer (Oxford Nanopore Ltd.) with R9.4.1 flow cells. Library preparation was carried out as per

Oxford Nanopore protocols using the ligation sequencing kit (SQK-LSK109) and native genomic
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barcoding expansion (EXP-NBD104). Following generation of raw sequencing data, basecalling was
performed by the Guppy basecalling package (Oxford Nanopore Ltd.) using the high accuracy (hac)
basecalling model either during sequencing or post sequencing and data was deconvoluted using the
ont_fast5_api package (https://github.com/nanoporetech/ont_fast5_api). Phage genomes were
then assembled de novo using the “Assembly tutorial” Jupiter notebooks workflow provided by
EPI2ME Labs (https://labs.epi2me.io). Briefly, initial assembly was performed using Flye 2.8.1-b1676,
with —genome-size set to 0.1m and —asm-coverage set to 100x to account for high coverage values
(https://github.com/fenderglass/Flye), and final assemblies were polished with medaka 1.5.0 using
medaka_consensus (https://github.com/nanoporetech/medaka). Optional settings were left as
default, unless otherwise stated. Those phage genomes sequenced by Illumina sequencing were
processed by MicrobesNG. MicrobesNG genomic DNA libraries were prepared using the Nextera XT
Library Prep Kit (Illumina, San Diego, USA) following the manufacturer’s protocol with the following
modifications: input DNA was increased 2-fold, and PCR elongation time was increased to 45 s. DNA
quantification and library preparation were carried out on a Hamilton Microlab STAR automated
liquid handling system (Hamilton Bonaduz AG, Switzerland). Pooled libraries were quantified using
the Kapa Biosystems Library Quantification Kit for lllumina. Libraries were sequenced using lllumina
sequencers (HiSeq/NovaSeq) and a 250 bp paired end protocol. Reads were adapter trimmed using
Trimmomatic 0.30 with a sliding window quality cutoff of Q15 (61). De novo assembly was
performed on samples using SPAdes version 3.7 (62) with default settings, and contigs were

annotated using Prokka 1.11 (63).

Genome assemblies were assessed using the Centre for Phage Technology’s (CPT) Galaxy interface
(64). Open reading frames, tRNA genes and terminators were identified using CPT’s publicly available
structural workflows (versions PAP 2017 Structural V8.9 to PAP structural v2022.02) available from

https://cpt.tamu.edu/galaxy-pub/u/cpt-workflows/. Each ORF was then assessed via BLAST searches
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using CPT’s Functional workflows (versions v2020.02 to v2022.01) available from
https://cpt.tamu.edu/galaxy-pub/u/cpt-workflows/. Hypothetical protein identities were assigned
according to CDS coverage and E-values from either the workflow results or BLAST-P searches
against the non-redundant database using default settings. For predicted proteins where no

significant similarity was found, InterPro (65) was used to try and assign a protein family identity.

Annotated genomes were validated and submitted to ENA using the Webin command line
submission interface (versions 3.0.1 through to 4.4.0). The annotated genome of phage BB1 was
instead submitted to GenBank via Geneious (V2020.2.3) and the GenBank submission plug-in

(Version 1.6.7). Accession numbers are available in Table S2.

For detection of BREX motifs in phage genomes we used a custom Python script to count motifs on
the forward and reverse strands, available here: https://github.com/liampshaw/BREX-phage-motifs.

Figures were plotted using R v4.1.2 and the following R packages: ggplot2 v3.3.6 and cowplot v1.1.1.

The circular representations of Escherichia phage vB_Eco_Mak and Eschericihia phage vB_Eco_Bam

genomes were produced using Proksee (https://proksee.ca/), and manually edited in Inkscape 1.1.1.

Phage taxonomy determination and variant calling

VIPTree server (48) was used to determine the taxonomy of the isolated non-modified coliphages in
the Durham collection, by comparing them with the closest relatives found using fastANI (Table S5).
The Durham collection was first compared to a subset of Caudoviricetes. All (n=29,188) NCBI

Genbank genomes within Caudoviricetes as of 1st March 2023 were extracted using the search term
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“Caudoviricetes[Organism] AND srcdb_genbank[PROP] NOT wgs[PROP] NOT cellular
organisms[ORGN] NOT AC_000001:AC_999999[PACC]". This genome database was then reduced to
a representative set of 180 genomes based on fastANI scoring (Table S6). Mak and Bam were
compared to a subset of genomes belonging to the Autographiviridae family (Table S7), and
subsequently to subsets belonging to the Studiervirinae subfamily and the Chatterjeevirus genus. All
subsets were chosen using fastANI. VIPTree was run with the ‘only query’ option in all instances. The
phylogenetic relationship between the non-modified Durham coliphages was determined by
generating a subset tree on VIPTree. All obtained trees were annotated using iTOL (66). For those
phages that were very close at a taxonomic level, we performed variant calling by using Snippy

v4.6.0 (https://github.com/tseemann/snippy). Comparisons were performed using complete

genomes and the “--ctgs” option. Graphic representation of Snippy results was obtained by drawing

the reference genomes using GenomeDiagram from the biopython project (67).

Assessment of potential anti-defence homologues

BLAST-P, with default settings, was used to identify ten Escherichia phage T7 Ocr homologues
(UniprotKB: P03775.1), ten Escherichia phage T4 Arn homologues (Uniprot: KBP39510), two Vibrio
phage ICP1 OrbA homologues (NCBI: YP_004250966.1), ten Erwinia phage FBB1 homologues
(AOA868BQY3), ten Bacillus phage BSP38 Apyc homologues (Uniprot: AOA345MJY6) and nine
Escherichia phage HYO1 IPl homologues (Uniprot: AOAOAOPSJ3) (Table S8). Representative amino
acid sequences, including those with high and low percentage coverage or identity across phages
infecting various bacteria were selected. Each mini- database was then used to probe each Durham
phage genome for homologues, using TBLASTX with default settings and genetic code 11. For DarA
homologue searches, Escherichia phage P1 DarA protein (YP_006494.1) was used in a TBLASTN

search against the Durham phage genomes using default settings.
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Efficiency of plating (EOP) assays

E. coli DH5a were transformed with pTRB507 (empty vector control for the E. fergusonii pEFER and
Salmonella BREX systems)) (22), pBrxXLeferg (BREX¢ferg) (22), pBrxXLsy-AariAAariB (BREXsy,), pBR322
(empty vector control for E. coli BREX system) or pBREX-AL (BREX¢,) (25). Serial dilutions of all
phages were produced in phage buffer (10 mM Tris pH 7.4, 10 mM MgS0O,, 0.01% (v/v) gelatin). For
experiments with BREXgfery O BREXgi 200 pl of overnight culture and 10 pl of phage dilution were
added to 3 ml 0.35% LB-agar. For experiments with BREXs;, overnight cultures were used to
inoculate a second overnight culture, then 400 ul of this culture was mixed with 10 ul of phage
dilution before mixing with 3 ml of 0.35% LB-agar. Plates were incubated overnight at 37 °C before
plaque forming units (pfu) were counted on each plate. The EOP was calculated by dividing the pfu
of the test strain by the pfu of the parental strain. Data shown are the mean and the standard

deviation of at least three biological and technical replicates.
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Data Availability

Annotated phage genomes are available via Genbank via the accession numbers listed in Table S1.
All other data needed to evaluate the conclusions in the paper are present in the paper and/or
Supplementary Data. Scripts and data for bioinformatic analysis are available on github

(https://github.com/liampshaw/BREX-phage-motifs).
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Figure Legends

Fig. 1. The Durham collection phages represent diverse species. Phylogenetic analysis of the
relatedness of the selected Durham phages shows the phages belong to multiple independent
species. Mak and Bam could not be classified at this point. Scale represents the genomic distance

scores (SG) calculated by tBLASTXx.

Fig. 2. Electron microscopy of representative Durham phages. Transmission electron micrographs of
representative phages from each group. TB34, Baz, Alma and Pau represent families with myoviral
morphologies, having contractile tails. Baseplate and tail fibres are visible for TB34. BB1 samples
showed great variation in phage particles, with either filled heads and short tails of commonly
expected length or empty phage heads connected to vastly extended tails (Fig. S2). Jura and Mak
have short tails and represent podoviral families, with tail fibres clearly visible for Jura. BB1, Mav and
Sip represent groups with siphoviral morphology, having flexible tails. All Sip particles visualised had

empty capsids. Scalebars represent 100 nm.

Fig. 3. Durham phages are spread throughout class Caudoviricetes. The Durham phages were
compared to representative Caudoviricetes phages, the T phages and Lambda. The Durham phages
are spread across the diversity of Caudoviricetes, with Trib and Baz, C516 and Mav and Mak and Bam
clustering together. Again, Mak and Bam were unlike any of the sampled representative genomes.
The tree scale reported refers to the branch length metadata of the tree. Similarly, an internal scale
of the tree, based on branch length values, is also shown. Coloured strips indicate the taxonomy of

each branch to family level.

Fig. 4. Circular representation of the Mak genome (A), with predicted CDS annotations (B). The
genome of Mak is approximately 40 Kb, with 47% GC content, and with no predicted tRNA genes.
Predicted CDS were assigned a function based on similarity to homologues in the reference

database. NSPP, No Significant Phage Protein.
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Fig. 5. Mak and Bam are distinct from other Autographviridae. \VVIPTree was used to build a
phylogenetic tree including Mak and Bam, based on protein homology with selected members of
Autographiviridae. Mak and Bam cluster together, but away from other sub-families within
Autographiviridae. An internal scale of the tree, based on branch length values, is also shown.

Coloured strips indicate the taxonomy of each branch to sub-family level.

Fig. 6. Mak and Bam are distinct within their closest subfamily and Genus. VIPTree was used again
to try and determine the relationship of Mak and Bam to other members of their expected (A)
subfamily, Studiervirinae, and (B) genus, Chatterjeevirus. An internal scale of the tree, based on

branch length values, is also shown.

Fig. 7. Durham collection phages show diverse responses to BREX systems. (A) BREX loci used in
this study. (B) Locations of the respective target BREX sites for BREXgferg (GCTAAT), BREXecoii
(GGTAAG) and BREXs,-AariAAariB (GATCAG) in the phage genomes, combining locations on the
forward and reverse strands. For a plot showing separate strands, see Fig. S4. Numbers give the total
number of hits for the respective motif in each phage genome. (C) EOPs of the 12 Durham phages in

this study against the three BREX systems. For full data see Table S7.
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Table Legends

Table 1. Summary information for 12 Durham collection phages.
Table 2. Primers used in this study

Table 3. Plasmids used in this study
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Table 2. Primers used in this study.

Primer

Sequence

Notes

Golden-gate assembly of S. enterica serovar Typhimurium BREX into pGGA

TRB1367

TRB1368

TRB1369

TRB1370

TRB1371

TRB1372

TRB1373

TRB1374

TRB1375

TRB1376

TRB1377

TRB1378

TRB1200

TRB1201

tttTCTAGAGGTCTCCGGAGAATGGTTCATCTGGCGCT
tttTCTAGAGGTCTCCTAACGAGGATTCAATGTCGC
tttTCTAGAGGTCTCGGTTAAAGAGCACAGCAATGAATATTG
tttTCTAGAGGTCTCGAGECCAAAAATATTATTTTCCAGAattag
tttTCTAGAGGTCTCGGCcCTCGACATTGACGACCGTGCT
tttTCTAGAGGTCTCGTTCATTAAATAATCTCCGGTGCATTGCCG
tttTCTAGAGGTCTCGTGAAAATAGCGGCGATTTATAC
tttTCTAGAGGTCTCGGGTCACAATCCCATTTCATTCCA
tttTCTAGAGGTCTCGGACCTTGCAAAATCAGGAATTTATT
tttTCTAGAGGTCTCGCACTTAAAAGAAATCATCCTGAAATGC
tttTCTAGAGGTCTCCAGTGAGGCGCTATGCAAAC
tttTCTAGAGGTCTCCATGGAGGGAAACCAGGGGTTAC

aCGCGGTATCATTGCAGCACTGG

GACCCACGCTCACCGGCTCCAG

Gibson assembly primers for creation of pBrxXLs, PARIS knockout (KO)

TRB1738

TRB1739

TRB1740

TRB1741

TRB1742

TRB1743

ATGCACCGGAGATTATTTAAATCTGGAATGAAATGGGATT

TTACACCGTTTTCCATGAGCAAACTGAAACG CATCG

CGATGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAA

TTCTTCGTTGGTCAGAAACACGTATTTGTCTTCAACACGT

ACGTGTTGAAGACAAATACGTGTTTCTGACCAACGAAGAA

AATCCCATTTCATTCCAGATTTAAATAATCTCCGGTGCAT

S. enterica serovar Typhimurium
BREX fragl FWD

S. enterica serovar Typhimurium
BREX fragl REV

S. enterica serovar Typhimurium
BREX frag2 FWD

S. enterica serovar Typhimurium
BREX frag2 REV

S. enterica serovar Typhimurium
BREX frag3 FWD

S. enterica serovar Typhimurium
BREX frag3 REV

S. enterica serovar Typhimurium
BREX fragd FWD

S. enterica serovar Typhimurium
BREX frag4 REV

S. enterica serovar Typhimurium
BREX frag5 FWD

S. enterica serovar Typhimurium
BREX frag5 REV

S. enterica serovar Typhimurium
BREX fragb FWD

S. enterica serovar Typhimurium
BREX fragb REV
“Round-the-horn" mutagenesis
FWD to remove Bsal site in Amp
gene of pUC19
“Round-the-horn" mutagenesis
FWD to remove Bsal site in Amp
gene of pUC19

pBrxXLsy, PARIS Gibson assembly
KO FWD (1)

pBrxXLsy, PARIS Gibson assembly
KO REV (1)

pBrxXLsy, PARIS Gibson assembly
KO FWD (2)

pBrxXLsy, PARIS Gibson assembly
KO REV (2)

pBrxXLsy, PARIS Gibson assembly
KO FWD (3)

pBrxXLsy, PARIS Gibson assembly
KO REV (3)

Sequencing primers (ranges indicate position of primer in Salmonella BREX coding region)

TRB710
TRB711
TRB712
TRB713
TRB714

CGTTACCTGGAACCATTCGT

CCCTATGGATAGCTGGGATG
GCAGGACGTGATGGGTTTTA
GCCAATACGACGCGTTTAAG
GTCTATCCGGACCAAAGGTG

152-171
865-884
1551-1570
2266-2285
2957-2976



TRB715
TRB716
TRB717
TRB718
TRB719
TRB720
TRB721
TRB722
TRB723
TRB724
TRB725
TRB726
TRB727
TRB728
TRB729
TRB730
TRB731
TRB732

CGGCTGCATTTTAATTCGTT
GCACAAACTATGGCGGAAAT
ACGGATGCCGAGAAGAAGAT
GATAACCCGACAGGCTTTGA
GTCTCGACATTGACGACCG
ATTACGATGGCACATTTGGG
GGATTAATGTGCACTCCGGT
AAATCTCGAATTTATCGCCG
ATTGGCTGGGCACGGGTA
GGCGGTGTTGTACTCATTGAT
CCGGTTTTAATACTGCGTTTC
CTTGAAAGGCCTGGTCACTG
TTGCTGAATCTGCGTAATCG
GCATAACACCATTGATGCCA
CGAATTTCAATCGCCGTAAT
GTATTTACCGCACGTACGCA
AACCAGCGCGACGTTATC
CGCGGTAGATATTCCGACTG

3659-3678
4362-4381
5058-5077
5751-5770
6463-6481
7155-7174
7863-7882
8567-8586
9261-9278
9968-9988
10651-10671
11368-11387
12056-12075
12751-12770
13461-13480
14154-14173
14835-14870
15566-15585




Table 3. Plasmids used in this study.

Plasmid Notes Primers used Reference
pBrxXLs, Full S. enterica serovar Typhimurium TRB1367-TRB1378  This study
coding region in a pGGA vector
backbone, created by golden gate
assembly from genomic S. enterica
serovar Typhimurium D23580 DNA.
pPBrxXLsy- Created by Gibson assembly from TRB1748-TRB1743  This study
AariAAariB pBrxXLs,.
pBrxXL-AL E. coli BREX Gordeeva et al.
2019
PBrxXLeer E. fergusonii BREX Picton et al. 2021
pUC19 pUC19 with Bsal sites mutated out via  TRB1200, TRB1201 NEB
“round-the-horn" mutagenesis
pTRB507 pGGA plasmid backbone containing Picton et al. 2021

12400 — 14394 of the pEFER plasmid
from E. fergusonii, used as a negative
control.
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