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ABSTRACT

Deazaguanine DNA modifications are widespread in
phages, particularly in those with pathogenic hosts.
Pseudomonas phage iggy substitutes ~16.5% of its
genomic 2’-deoxyguanosine (G) with dPreQy, and
the iggy deazaguanine transglycosylase (DpdA) is
unique in having a strict GA target motif, not ob-
served previously. The iggy PreQo, modification is
shown to provide protection against both restric-
tion endonucleases and Cas9 (when present in PAM),
thus expanding our understanding of the deazagua-
nine modification system, its potential, and diver-
sity. Phage iggy represents a new genus of Pseu-
domonas phages within the Queuovirinae subfam-
ily; which have very little in common with other pub-
lished phage genomes in terms of nucleotide simi-
larity (<10%) and common proteins (<2%). Interest-
ingly, shared similarity is concentrated in dpdA and
preQq biosynthesis genes. TEM imaging confirmed
a siphovirus morphology with a prolate icosahedral
head and a non-contractile flexible tail with one long
central tail spike. The observed protective effect of
the deazaguanine modification on the iggy DNA may
contribute to its broad within-species host range.
Phage iggy was isolated on Pseudomonas aerugi-
nosa PAO1, but also infects PDO300, PAK, PA14, as
well as 10 of 27 tested environmental isolates and 13
of 20 tested clinical isolates of P. aeruginosa from
patients with cystic fibrosis.
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INTRODUCTION

Bacteriophages (phages) have developed numerous strate-
gies to evade bacterial defence mechanisms including the
widest range of DNA modifications observed in any or-
ganism, with 21 distinct naturally occurring genomic 2'-
deoxynucleotides identified so far (1). It has been veri-
fied that the deazaguanine DNA modification system pro-
vides phages with an advantage during infection as it pro-
tects against host restriction endonucleases (REs) in vivo
(2). Many variations of the phage deazaguanine modi-
fication system have been observed, resulting in highly
varying degrees of modification, from < 1% to complete
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substitution of 2’-deoxyguanosine (dG) (2-5). It has so far
been detected in tailed phages (Caudoviricetes) infecting a
wide range of Gram-negative bacteria including Proteobac-
teria, Firmicutes, Actinobacteria and Cyanobacteria, as well
as in viruses of Archaea (2-5). The tRNA-guanine trans-
glycosylase paralog DpdA (DeoxyPurine in DNA) is re-
sponsible for the substitution of dG with 2-deoxy-7-cyano-
7-deazaguanine (dPreQq) or its derivatives. While some
phages encode only DpdA, such as Salmonella phage 7-
11, which has ~0.02% substitution of dG with 2'-deoxy-7-
amido-7-deazaguanosine dADG (2), others, such as Pseu-
domonas phage iggy, encode both the GTP cyclohydro-
lase (FolE), the CPH4 synthase (QueD), the CDG syn-
thase (QueE), and the 7-cyano-7-deaza-guanine synthase
(QueC). This gene set is responsible for the five-step preQyg
biosynthetic pathway (GTP — H,NTP — CPH4 — CDG
— ADG — preQy) and is coupled with DpdA to intro-
duce preQq into DNA post-replication (4). The modifica-
tion is expected to be sequence-specific, but a DpdA mo-
tif has so far only been determined for the Escherichia coli
phage CAjan (GA and GGC) (6). Some phage genomes
contain both 2’-deoxy-preQq (dPreQq) and its derivatives,
while others hold only preQ, derivatives (2). The exact path-
ways and reactions are not entirely defined, and it is un-
known if preQy is further modified prior to or following the
substitution reaction. Both Mycobacterium phage Rose-
bush and Escherichia phage CAjan encode DpdA, FolE,
and QueDEC and both have ~25-28% of dG substituted
with dPreQ, though Rosebush genomic DNA also con-
tains 0.03% dADG (2). Escherichia phage 9g has a glu-
tamine amidotransferase class II domain fused to QueC
(Gat-QueC), which gives rise to ~25% of dG being sub-
stituted with 2-deoxyarchacosine (dG+) (7). Streptococ-
cus phage Dp-1 and the Archaea virus Halovirus HVTV-
1 (no verified DpdA) both encode the amidinotransferase
QueF in addition to FolE and QueDEC and both have
2'-deoxy-7-aminomethyl-7-deazaguanine (dPreQ;) substi-
tutions (Dp-1: 4%, HVTV-1: 30%) (2). The DNA of Vib-
rio phage nt-1 encoding FolE, QueDEC and DpdA2 con-
tains 0.1% dPreQq, 0.03% dADG and 0.02% dG* and
the Campylobacter phages of the genera Firehammervirus
encoding FolE, QueDEC, and no identified DpdA, com-
pletely substitute dG with dADG (2,3). However, the se-
quence distribution of the deazaguanine modifications in
the genomes of these phages, and in the many phages en-
coding other variants of this gene cluster, is still unexplored.
A study by Hutinet ez al. (2019) detected homologues of
deazaguanine DNA modification genes in 180 viruses, in-
cluding 91 phages at the time classified as Siphoviridae (2)
(this family is now renamed (8)). This number has since in-
creased to at least 125 ‘Siphoviridae’ phages of which 50
only encode DpdA. The majority of these belong to two
distinct phylogenomic clusters, the Mycobacterium phages
of the subfamily Bclasvirinae and the Gammaproteobac-
teria phages of the subfamily Queuovirinae, though the
deazaguanine modification genes have also been detected in
phages with Myoviridae morphology, such as those of the
genera Kleczkowskavirus and Firehammervirus (3,9).

In this study on phage iggy infecting Pseudomonas aerug-
inosa, we use a synthetic whole genome amplification

(WGA) made with canonical unmodified nucleotides, as a
reference to detect deazaguanine modifications in the iggy
genome by Nanopore sequencing. We also determine the
exact modification by liquid chromatography-coupled triple
quadrupole mass spectrometry (LC-MS/MS) and verify
the protective nature of the modification by in vitro restric-
tion enzyme (RE) and Cas9 ribonucleoprotein (RNP) com-
plex analysis. The results broaden our understanding of
the deazaguanine modification system and its diversity, not
only regarding the (i) chemical composition of the base-
substitutions, but also the (ii) assortment of dezaguanine
modification motifs in phage genomic DNA. This expands
the potential range of interactions between deazaguanine
modifications and host defence systems, as demonstrated
by the observed Cas9 RNP interaction. In addition, we
propose a new genus within the Queuovirinae sub-family
represented by iggy and the closely related but uncharac-
terised Pseudomonas phages PBPA162, Pa-X, Pa-V and Pa-
oumiga (94.2-93.6%, BLASTn). These five phages share
very limited nucleotide similarity (<10%, BLASTn) with
all other published phage genomes except within dpdA and
genes encoding preQ biosynthesis. We determine the di-
rect terminal repeats, epigenetics, phylogenetics, virion mor-
phology, and primary receptors and assess the host range
of phage iggy towards both reference, environmental, and
clinical isolates of P. aeruginosa.

MATERIALS AND METHODS
Phage isolation and morphology

The isolation (HiTS method) of phage iggy from wastewater
(Damhuséen, BIOFOS, Denmark, 2017) with P. aeruginosa
PAO1 (NC_002516) as host was described previously (10).
All assays were performed with LB-Miller with Ca’* and
Mg?* (10 mM) and 4% agarose soft-agar overlays. Purifica-
tion of phage lysate (0.5 L) and transmission electron mi-
croscopy (TEM) imaging were performed as described else-
where (11).

DNA extraction

High titer lysate (~10'° plaque-forming units (PFU) per
ml) of iggy was purified by polyethylene glycol (PEG) pre-
cipitation (12), and the DNA was extracted by phenol-
chloroform treatment (13). The purified DNA was used for
Nanopore sequencing, WGA, LC-MS/MS analysis, RE di-
gestions, and in vitro cleavage with Cas9 RNP complexes.

DNA sequencing, assembly and annotation

Phage iggy DNA, which was previously sequenced on the
NextSeq platform, Mid Output v2 kit (300 cycles, Illu-
mina), using the Nextera XT DNA kit (Illumina) as de-
scribed elsewhere (10), was sequenced again on a Nanopore
MinlON R9.4.1 flowcell using the MinlON MkIB se-
quencing platform with MinKnow v3.5.5 and the Rapid
Barcoding Sequencing kit (SQK-RBKO004). Basecalling
of raw data was performed with Guppy (v3.4.3). Base-
called reads were processed with the ont_fast5_api toolkit
(v2.0.0). Mean read length was 2074 bp and coverage
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295x. The Illumina reads were assembled de novo with
CLC Genomics Workbench 22.0.2 (https://digitalinsights.
giagen.com/) and SPAdes 3.12.0. (14). Genome termini
were determined by mapping of Nanopore reads to the
whole genome sequence. Calling of ORFs, gene predictions
and annotations were done with a customized RASTtk
version 2.0 (15) workflow with GeneMark (16), followed
by manual curation and verification using BLASTp (non-
redundant protein sequences database) (17) and HH-
pred (PDB_mmCIF70_8_Apr, SCOPe70.2.07, and Pfam-
A _v32.0 database) (18). The genome was screened for
antibiotic resistance genes (ResFinder 3.1 (19)), restric-
tion modification genes (Restriction-ModificationFinder-
1.1 (REBASE) (20); 90% ID threshold, 60% minimum
length), virulence factors, and temperate lifestyle genes
(PhageLeads (21)). Lifestyle was further assessed by
BACPHLIP (22). The iggy genome sequence was curated in
Geneious Prime 2020.1.1 (http://www.geneious.com/) and is
available at GenBank (MN029011.1) (23).

Phylogenomic and phylogenetic analysis

A total of 69 phage genomes with >1% query coverage to
phage iggy were identified with BLASTn, and one was omit-
ted from further analyses, as it appears to be a chimera of
two phage genomes (Supplementary Table S1). Fifty-eight
of these 68 phage genomes encode preQy biosynthesis genes
and 41 of these are members of the Queuovirinae subfamily.
A phylogenetic tree (phylogeny.fr One Click mode; align-
ment by MUSCLE 3.8.31, refinement hereof by Gblocks
0.91b, Phylogeny by PhyML 3.1/3.0 aLRT (24)) was con-
structed with the terminase large subunit (7erL) using the
50 best amino acid matches (BLASTp, non-redundant pro-
tein sequences (nr), excluding Bacteria taxid:2). Three addi-
tional closely related Pseudomonas phages (Pa-X, Pa-V and
Pa-oumiga; mash distances 0.024) were identified through
the Inphared database (1Apr2023_genomes.fa.msh) (25) us-
ing Mash (26). These three phages are not annotated (regis-
tered as unverified organisms in the NCBI database), hence
for these, 7erL was manually identified in Geneious Prime
2020.1.1. Xanthomonas phage XAJ2 TerL (AMW36122.1)
was included as outgroup. To investigate the phylogeny
in a broader context, an amino acid-based whole-genome
phylogeny with iggy and the 41 Queuovirinae against the
3433 phage genomes of the RefSeq database with (Vip-
Tree (27)) was performed. Nucleotide-based intergenomic
similarities were estimated with VIRIDIC (28) for Pa-
X (MNB871472.1), Pa-V (MN871471.1), and Pa-oumiga
(MN871474.1) and all identified phages genomes with > 5%
query coverage (n = 25) to phage iggy. Whole genome and
deazaguanine gene cluster comparisons (amino acid-based)
were made with clinker v0.0.23 (29). The whole genome nu-
cleotide alignment with iggy and PBPA162 (MK816297.1)
was made with Muscle 3.8.425 in Geneious Prime 2020.1.1.
Figures are compiled with Biorender.com.

Quantification of modified 2’-deoxynucleosides by LC-
MS/MS

DNA analysis followed our previous publications (6,7).
Briefly, quantification of the modified 2’-deoxynucleosides

Nucleic Acids Research, 2023 3

(dADG, dQ, dPreQq, dPreQ;, dCDG and dG™*) and the
four canonical 2’-deoxyribonucleosides (dA, dT, dG and
dC) in hydrolyzed DNA was achieved by chromatography-
coupled tandem mass spectrometric analysis (LC-MS/MS)
and an in-line diode array detector (DAD), respectively.
Aliquots of hydrolyzed DNA were injected onto a CI18
column coupled to an Agilent 1290 Infinity DAD and an
Agilent 6490 triple quadruple mass spectrometer (Agilent,
Santa Clara, CA). The UV wavelength of the DAD was set
at 260 nm and the electrospray ionization of the mass spec-
trometer was performed in positive ion mode with the fol-
lowing source parameters: drying gas temperature 200°C
with a flow of 14 L/min, nebulizer gas pressure 30 psi,
sheath gas temperature 400°C with a flow of 11 L/min, cap-
illary voltage 3000 V and nozzle voltage 800 V. Compounds
were quantified in multiple reaction monitoring (MRM)
mode with the following m/z transitions: 310.1 — 194.1,
310.1 — 177.1, 310.1 — 293.1 for dADG, 394.1 — 163.1,
394.1 — 146.1, 394.1 — 121.1 for dQ, 292.1 — 176.1 for
dPreQy, 296.1 — 163.1, 296.1 — 121.1, 296.1 — 279.1 for
dPreQy, 309.1 — 193.1, 309.1 — 176.1, 309.1 — 159.1 for
dG*,311.1 — 177.1, 311.1 — 78.9 for dCDG and 266.1 —
150.1, 266.1 — 108.1 for m6dA. Data acquisition and pro-
cessing were performed using MassHunter software (Agi-
lent, Santa Clara, CA).

Identification of modified 2'-deoxynucleosides by nanopore

A whole genome amplification (WGA) of iggy was con-
structed using the Illustra Ready-To-Go GenomiPhi V3
DNA amplification kit (GE Healthcare, Pittsburgh PA US)
and debranched with S1 nuclease (Thermo Fisher Scientific,
Waltham, MA, USA), as described previously (6). Wild-
type (WT) and WGA DNA were sequenced on a Nanopore
MinION R9.4.1 flowcell as described above and the detec-
tion of modified DNA bases, was performed as described
earlier (6) in the Tombo suite (v1.5) (30). Briefly, base-
called fast5 files were resquiggled’ against the iggy refer-
ence genome. Modified bases were detected by comparing
the WT with unmodified WGA DNA using the Tombo
"model_sample_compare’ function and the fraction of mod-
ified reads (ModFrac) were reported per nucleotide posi-
tion. For motif discovery of DNA recognition sites for the
modifying enzyme, 5128 genomic positions with ModFrac
values higher than 0.7 were used as input for the MEME
software (v5.1.0) (31) with the *zoops’ approach (Zero Or
One Occurrence Per Sequence). Five nucleotide positions
in either direction of the modified bases were included for
motif discovery (total of 11 bases per modified region). With
Tombo, a receiver operating characteristic (ROC) curve and
a precision-recall curve were plotted with the discovered
DNA motif, in order to validate the results. ModFrac val-
ues per nucleotide position were imported in R (v4.3.0) for
further analyses. Here, a ModFrac cut-off value for defin-
ing modified bases was determined based on the ModFrac
density distribution for each of the four bases. In order to
remove noise and false-positive prediction of base modifi-
cations stemming from the neighbouring effect, the Mod-
Frac values of two bases up- and downstream of the iden-
tified modification motif (GA) were set to 0 unless adjacent
bases were also GA, as described in a previous study (6).
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The Modfrac values on a single strand of the iggy genome
were visualized in CLC Genomics Workbench 22.0.2.

DNA restriction endonuclease digest analysis

Phage iggy DNA restriction was performed according to
manufacturer’s instructions in 50 pl reactions of ~1 g
genomic DNA with REs with GA in target site: EcoRI,
BamHI, Hinfl, EcoRV and Sall and with REs without
GA in target site: Ncol and Ndel (Thermo Scientific, MA,
USA). DNA integrity of digested samples was subsequently
analysed by gel electrophoresis.

In vitro cleavage of DNA with cas9

For the in vitro cleavage of DNA using Cas9 RNP complex,
two different DNA templates were used, i.e. an Ndel restric-
tion fragment of native phage iggy DNA (4135 bp, 27 134—
31 268 in iggy genome) and a synonymous PCR fragment
(primers in Supplementary Table S2). Both fragments were
separated on an 1% agarose gel and extracted using QI-
AEX®)II Gel Extraction Kit (Qiagen, Germany) accord-
ing to manufacturer’s protocol prior to digestion. The Alt-
R CRISPR Cas9 nuclease, tracrRNA, and crRNAs were
ordered and synthetized by Integrated DNA Technologies
(IDT, Belgium). The digestion reaction was set up accord-
ing to manufacturer’s protocol using 50 ng of either native
phage DNA or PCR product. Products of digestion were
analyzed on a TapeStation 4200 system (Agilent, USA) us-
ing High Sensitivity D5000 kit. Efficiency of the reaction
was calculated based on integrated area under the curve be-
tween template and digestion products.

Host range

Host range was assessed by efficiency of plating (EOP) (32)
with PAO1 (33) as reference strain, by spotting (5 wl) trip-
licates of serial 10-fold dilutions (0 to -7) of ~1.4 x 10!!
PFU/ml on soft-agar overlays with 200 wl host culture.
EOP was determined on PAO1 and 52 other P aerug-
inosa isolates; the reference strains PDO300 (34), PAK
(CP020659.1) (35), PA14 (KE136335.1) (36), two transpo-
son generated knockout mutants PAO1 ApilA and PA14
ApilA, 20 clinical isolates from seven Danish cystic fibro-
sis (CF) patients collected over a 30-year period (1978-
2008) (37), and 27 environmental (sewage) isolates from
the Lindberg P. aeruginosa typing collection (38). The EOP
results are presented as log reduction compared to infec-
tion efficiency (PFU/ml) on the reference PAOI, that is
log(PFU/ml on PAO1) — log(PFU/ml on isolate). On hosts
where no individual plaques were observed but growth was
inhibited, the minimum dilution resulting in clearing zones
was calculated based on PAO1 EOP.

RESULTS AND DISCUSSION
Morphology and genome characteristics

The siphovirus morphology of iggy was confirmed by TEM
imaging (Figure 1A). Phage iggy has a slightly elongated
icosahedral head and a flexible non-contractile tail with a
long central tail spike with a globular appendage, but no

protruding tail fibres. On PAO1 (LB-Miller 0.4% soft-agar
overlay) iggy gives rise to ¥ ~3 mm turbid plaques.

The bidirectional genome of phage iggy is 60626 bp dou-
ble stranded DNA (56.4% GC, no tRNAs detected) with
85 coding sequences (CDSs) and direct terminal repeats
(DTR) of 1091 bp. Phage iggy is closely related (query
coverage: 97%, identity: 94.2%, BLASTn) with the un-
classified and undescribed Pseudomonas phage PBPA162
(MK&816297.1, 61 286 bp, 85 CDSs, 56.5% GC, no tRNAs)
isolated from sewage in South Korea on an undefined strain
of P. aeruginosa (Figure 1B). Phage iggy and PBPA162
genomes are highly similar with gene synteny and 73 com-
mon proteins (>75% protein sequence similarity, Supple-
mentary Table S3). The largest discrepancies are seen in the
peptide chain release factor 1 prfA4 gene (gp34), a small hy-
pothetical gene (gp40) not present in PBPA 162, gueC (gp45)
and the hypothetical genes gp46, gp52 and gp77-80 (Figure
1B, Supplementary Table S3). Nucleotide sequence similar-
ity between iggy and all other published phages genomes is
minimal (query cover: <14%, identity: <71%) (Supplemen-
tary Table S3). Two of the iggy CDSs encoding hypothet-
ical proteins (gp9 and 78) have no similarity to protein se-
quences in the NCBI database and seven (gp2, 15, 64, 66, 73,
75 and 85) only share similarity with PBPA162 CDSs (Sup-
plementary Table S3). Putative functions or domains can be
assigned to less than half of the CDSs (n = 36). These repre-
sent six categories (1) DNA replication and host take over,
(2) host lysis, (3) DNA packaging, (4) morphogenesis, (5)
deazaguanine DNA modification, and (6) hypothetical pro-
teins (Figure 1B, Supplementary Table S3). Both iggy and
PBPA162 genomes encode all four genes of the 7-cyano-
7-deazaguanine (preQy) biosynthesis pathway: queE, queC,
queD and folE, as well as dpdA (Supplementary Table S3).

Phage iggy encodes no identified bacterial virulence or
antibiotic resistance genes and the BACPHLIP analysis
suggests a virulent lifestyle (0.7625). However, even though
no temperate lifestyle genes were detected by a PhageLeads
screen, the turbid plaques produced by iggy may indicate
a lysogenic potential. Furthermore, manual inspection of
iggy CDS reveals both a recombinase protein RecA (gp53)
and a CDS (gp60) with homology (>98% HHpred probabil-
ity scores) to both the positive regulator PrtN and the con-
trol of excision (Cox) protein first identified in the temperate
Escherichia phage P2 (39). RecA can induce a SOS response
in P aeruginosa by cleaving LexA (to induce DNA repair),
and can also cleave PrtR, which then upregulates PrtN to
increase production of anti-bacterial pyocins (40—42). Both
control of excision and induction of pyocin production sug-
gests a temperate lifestyle potential, though induction of the
SOS system may also be a lytic strategy to inhibit cell divi-
sion in order to achieve higher yields of progeny as observed
in Phage-Antibiotic-Synergy (PAS) (43,44).

A new genus within the subfamily queunovirinae

The intergenomic similarity analysis (VIRIDIC) confi-
dently separates iggy, PBPA162, Pa-X, Pa-V and Pa-oumiga
from the other 23 phages with > 5% nucleotide query cov-
erage to iggy (4.1-12.1% intergenomic similarity) (Supple-
mentary Figure S1). Phage iggy (and PBPA162) also have
very few proteins (<2% with > 75% similarity) shared with
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Figure 1. (A) Transmission electron micrographs (TEM) of phage iggy with scalebar (50 nm), the globular appendage on the long central tail spike is
denoted by arrows. (B) Whole genome nucleotide alignment of iggy and PBPA162, the graph (Muscle, Geneious Prime) indicates nucleotide identity (%)

by red/green scale bar, gene functions are colour coded according to legend.

all other published phages (Supplementary Table S3). Thus,
according to the current ICTV guidelines on genus demar-
cation (70% nucleotide similarity), iggy, PBPA162, Pa-X,
Pa-V and Pa-oumiga constitute a new previously unde-
scribed genus; ‘Iggyvirus’. Despite the very low degree of nu-
cleotide similarity (0.7-9.9%, BLASTn) between iggy and
all the phages not belonging to the ‘Iggyvirus’ group but in-
cluded in our analyses (those with > 1% nucleotide query
coverage to iggy, n = 68), there are many similarities. Sixty-
six of them have (predicted) siphovirus morphology, the
majority (n = 62) are of comparable genome length (52.4—
64.1 kb), though they vary in GC content (41.5-62.1%) and
with one exception (Microcystis phage Me-ZS1), they have
all been isolated on Alpha-, Beta-, or Gammaproteobacte-
ria (Supplementary Table S4). Interestingly, the sparse nu-
cleotide similarity between iggy and these phages is con-
centrated in the genes encoding preQq biosynthesis and
DpdA, the only exception being seven of the eight phages
isolated on Xanthomonadaceae, Alphaproteobacteria phage
PhiJLOO1 and two partial phage genomes derived from
metagenomes (Supplementary Table S4). PreQ, biosynthe-
sis genes are also a common trait of the recently ratified sub-
family Queuovirinae comprising ten classified phages in four
genera (45). Forty-one of the phages with > 1% nucleotide
query coverage to iggy belong to three of the Queuovirinae
genera (Nipunavirus, Nonagvirus and Seuratvirus). In a phy-
logeny (phylogeny.fr), with pa-X, Pa-V, Pa-oumiga and the
50 best amino acid sequence matches (BLASTp) to the iggy
TerL, the ‘iggyviruses’ cluster closest with an uncultured
Caudoviricetes sequenced from a freshwater sample. But
they are also in a larger monophyletic clade, with Queuoviri-
nae of Nonagvirus, Seuratvirus and Amoyvirus, as well as

the Vidguintavirus Pantoea Bacteriophage vB_PagS_Vid5
(NC_042120), which also encode preQ, biosynthesis and
DpdA (Figure 2).

A whole genome amino acid-based phylogeny compris-
ing iggy, the 41 Queuovirinae (with > 1% nucleotide query)
and the 3433 current phage genomes of the RefSeq database
also confidently places iggy (and PBPA162) in a distinct
lineage within the Queuovirinae subfamily (Supplementary
Figure S2). Furthermore, whole genome alignments of iggy
and Queuovirinae genus representatives reveal analogous
bidirectional genome arrangements (Supplementary Fig-
ure S3). One strand comprises the lysis module, terminase
subunits and morphogenesis genes, and the other strand
the host takeover and DNA replication genes, including
the deazaguanine modification genes. Consequently, we
propose that iggy, PBPA162, Pa-X, Pa-V and Pa-oumiga
represent a new genus ‘Iggyvirus’ within the Queuovirinae
subfamily.

The dezaguanine gene cluster composition is conserved across
phage genera and host specificity

In previous studies, also the three dPreQq derivatives
2'-deoxy-7-aminomethyl-7-deazaguanine (dPreQy),
dADG and dG+ have been detected in phage genomic
DNA (2). QueC performs the final two-step conversion
(CDG —» ADG — PreQ) in the preQy biosynthesis
pathway, and is hence highly influential on the type of sub-
stitution inserted into DNA by DpdA (Figure 3) (2,7,46).
Interestingly, one of the few genes that differ in nucleotide
sequence between iggy and PBPA162 is queC (57.3%
similarity, Supplementary Table S3). The iggy queC gene
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Figure 2. Phylogenomic tree based on the amino acid sequence of the terminase large subunit (7erL) of phage iggy (denoted by a star), Pa-X, Pa-V, Pa-
oumiga and the top 50 best matches in BLASTp, excluding Bacteria taxid:2. Xanthomonas phage XAJ2 is included as outgroup. The tree was made with
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length in upper left corner.

(1062 bp) is longer than the usually observed phage queC
genes (Figure 3 & Supplementary Figure S4). The first
~200 amino acids are conserved (99.91 probability score,
HHpred), but the last ~140 amino acids have no clear
match. Phages with a glutamine amidotransferase class I1
domain fused to QueC (Gat-QueC) have dG* modifications
as opposed to dPreQq in phages encoding conventional
QueC (2,46). Phages with conventional QueC, may also
encode stand-alone amidinotransferases (QueF-L), which
can prompt substitution with dPreQ; and/or dG* and/or

dADG, whereas encoding the archaeosine synthase (ArcS)
can instigate substitution with dG* and/or dADG (2).
Despite of the prolonged QueC, iggy strictly substitutes
dG with dPreQ (Supplementary Figure S4).

The organization of the genes encoding the deazagua-
nine modification in the large group of phages, spanning a
wide variety of hosts, and with > 1% query cover (BLASTn)
to iggy, including representatives from all four Queuoviri-
nae genera, is highly conserved (Figure 3). The genes follow
the order queE, queC, queD, folE, and dpdA, though some
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Figure 3. Gene cluster alignments (amino acid-based) of phage genome regions encoding deazaguanine modifications (clinker v0.0.23). Gene clusters are
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a determined or putative function. Similarities (%) of iggy (highlighted in blue) QueE, QueC, QueD, FolE and DpdA to those of VhaS-tm and CAjan are
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phages including iggy have hypothetical genes inserted in
between, and Cajan also encodes yhhQ (a putative preQ
transporter) directly downstream of queC (Figure 3). The
quekE, folE, queD and dpdA genes are conserved in all as-
sessed phages irrespectively of the resulting deazaguanine
modification, with 44-71% amino acid similarity between
the corresponding iggy genes queE, folE, queD and dpdA
and those of vB_VhaS-tm and CAjan (Figure 3). But the
queC genes differ highly; no amino acid similarity exists
between iggy and vB_VhaS-tm and CAjan queC (identity
threshold 0.3). The Mycobacterium phages of the genus
Rosebushvirus, subfamily Bclasvirinae, also encode a com-
plete set of preQ biosynthesis genes and DpdA, but in the
order dpdA, queC, queD, queE, folE (2). No nucleotide sim-
ilarity was detected between Mycobacterium phage Rose-
bush (AY129334.1) deazaguanine modification genes and
those with similarity to the iggy deazaguanine modification
genes, and only the Rosebush FolE has amino acid simi-
larity (35%) (Supplementary Figure S4). This suggests sep-
arate origins of the deazaguanine modification gene clus-
ters in these two distinct groups of phages. Likewise, the ge-
nomic organization of the rosebushviruses also differ, their
deazaguanine modification genes are located directly up-
stream of the terminase genes and not next to the poly-
merase genes as the phages in this study (Supplementary
Figure S5).

Pseudomonas phage iggy genomic DNA is modified with
dPreQ

LC-MS/MS analysis identified dPreQy as the only deaza-
guanine substitution in phage iggy DNA. The frequency is
estimated by LC-MS/MS to be 16.90% of dG (Table 1).
However, a very small fraction of iggy genomic A is also
modified. Less than one dA per iggy genome is substituted
with N6-methyl-2’-deoxyadenosine (m®dA), equivalent to
mere 0.006% of all dAs per genome (Figure 4, Table 1).

The dPreQ, modification occurs in a single GA motif

The Nanopore sequencing coverage of WT iggy (295 x cov)
and iggy WGA (1000 x cov) (Supplementary Table S5),
was sufficient for Tombo DNA modification analysis. The
mean read length of the WGA sample was shorter than
that of WT, a probable consequence of the WGA treatment.
The WT DNA had a lower mean Phred quality score (9.2)
compared to WGA DNA (10.7) and the yield from WT
was likewise only one third of that of WGA DNA. Likely,
the DNA modifications in the WT DNA present a chal-
lenge for the pores in the Nanopore flowcell which leads
to lower quality and throughput, although the difference in
yield may also be a consequence of uneven library pooling
(47). The same trend of lower Phred scores for DNA with
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Table 1. Frequency of modified nucleotides in iggy genomic DNA as determined by Nanopore sequencing (ModFrac) and LC-MS/MS (per 10° 2'-
deoxynucleosides)

Nanopore LC-MS/MS
Total Modified Modified Corrected modified Corrected modified m®dA dPreQq
Nucleotide count frequency count frequency count frequency frequency
A 12 987 15.7 2046 0.05 7 0.12 -
C 17 141 8.5 1452 0.02 4 - -
G 17 120 233 3990 16.11 2758 - 16.90
T 13378 10.6 1417 0.02 2 - -
4 6mdA
*1‘1’ standards
0.8
0.6
0.4
0.2
g 0]
c
2 0
5 0 o lggy
] 15- dpreQQ
3] !
05-
2 ]

9.5 10.5 11.5 12,5
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Figure 4. LC-MS/MS chromatograms. Top: standards for dpreQ1, dQ, 6mdA (m6dA), dG+, dADG, dPreQ0 and dCDG. Bottom: hydrolyzed phage

iggy genomic DNA.

deazaguanine modifications was also observed in a previous
study on phage CAjan (6). A single, clear ‘GA’ DNA motif
was identified from 5128 positions in the iggy genome with
ModFrac values higher than 0.7, indicating that at least 70%
of aligned Nanopore reads show that a position is modi-
fied (Figure 5). No less than 97.14% of all GA sites have
ModFrac values above the cut-off, showing that nearly all
GA sites (n = 2840) are modified. This is similar to pre-
vious findings of dPreQ, modifications and suggests that
the system is saturated with preQq (6). A ROC curve is a
plot test of sensitivity, it shows the performance of a clas-
sification model at all classification thresholds by plotting
two parameters: the true and the false positive rate, while
a precision-recall curve shows the trade-off between pre-
cession and recall for different thresholds. To validate the
Tombo results, the iggy GA motif, with the G being the
modified base, was used to create ROC- and precision-recall
curves, with an area under the curve (AUC) and mean av-
erage precision (AP) of 0.95 and 0.66, respectively (Supple-
mentary Figure S6). This shows that almost all GA sites

are modified, although some false-positive non-GA modi-
fied sites are present. As described below, these are from the
neighbouring effect of Nanopore sensing of base modifica-
tions and can be corrected. Contrary to the dual GA/GGC
motif in phage CAjan (6), there is clearly only one GA motif
in phage iggy (Figure 5A, Supplementary Figure S6).

The clear-cut GA motif was used to correct false-positive
high ModFrac values of the two bases up- and down-
stream of the GA motif, as these bases are affected by the
previously described neighbouring effect (Figure 5B). The
neighbouring effects occur because the signal of each se-
quenced base is affected by multiple adjacent bases within
the nanopores (48). The ModFrac values of the two bases
adjacent to GA motifs was set to ‘0’, unless they themselves
were GA. Density estimates of corrected ModFrac values
for each base (Supplementary Figure S7), were evaluated to
determine a ModFrac cut-off of 0.75, used to distinguish
whether a base is modified or not. With this cut-off, we find
that 16.11% of Gs are modified in iggy (Table 1). Corre-
spondingly, 99.75% of all modified Gs (n = 2758) are found
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in a GA context, strongly supporting the GA motif identi-
fied from un-corrected ModFrac values and the associated
AUC value of 0.95 (Supplementary Figure S7). In compar-
ison, the applied correction for the neighbouring effect ef-
ficiently adjusts the number of modifications for A, C and
T to 7, 4 and 2, respectively. These low values may be at-
tributed to unknown low frequency modifications or simply
be false positives.

Approximately 16.5% of iggy genomic G is substituted by
dPreQO0

The slight discrepancy (<1 percentage point) between the
Nanopore (16.11%) and LC-MS/MS (16.90%) substitution
estimates is even lower than what was observed in our pre-
vious study of phage CAjan (3.6 percentage points) (6).
The estimated degree of dPreQq modification of dG in iggy
is considering both estimates approximately 16.5%, this is
substantially lower (36-43%) than what has previously been
observed in phage genomes with comparable deazaguanine
gene clusters, like CAjan, 9g and Rosebush (~25-28% of
dG) (2). However, the difference is not a consequence of
the efficiency of the iggy deazaguanine modification system,
but due to the lower count of GA sites in the iggy genome.
Indeed, the Tombo analysis estimates an almost complete
(97.14% of total iggy GA sites) substitution of the DpdA
motif comparable to what was observed in phage CAjan (6).
But only 2840 (16.59%) of iggy dG are in a GA motif, while
3213 (23.96%) of CAjan dG are in a GA motif, and the CA-
jan DpdA is also active on GGC (4.28% of dG) (6).

From the LC-MS/MS analysis it is observed that a small
fraction of iggy genomic A is also modified (0.006% of all
dAs per genome). This is also somewhat indicated in the
Tombo analysis which detected a slightly elevated count of
modified A nucleotides (7 dA per iggy genome) compared
to the C and T nucleotides (4,2). However, this degree of
modification is very close to the limit of detection and can-
not confidently be separated from background noise or false
positives in the Tombo analysis. Phage iggy does not en-
code any DNA adenine methylases (Dam), but the propa-
gation host P. aeruginosa PAO1 encodes HsdM (PA2735)
as part of a type 1 R-M system. The sequence motif of
HsdM is GATC(N)¢GTC (the underlined base is modified
on the opposite strand), in which > 80% of m®dA are found
and with a methylation level varying from 65% to 85% de-
pending on growth conditions (49). The iggy genome has 5
HsdM target sites corresponding to 10 m6dA per genome,

but they are all partially shared with the iggy DpdA target
site (GA). Hence, the incomplete saturation (<1 out of 5
sites per strand) of m®dA in the iggy genome is likely caused
by a combination of the HsdM not initially being 100% ef-
ficient, the fact that it is competing with the iggy DpdA for
binding sites and the potential inhibition of HsdM caused
by dPreQ (Table 1). It has previously been proposed that
dPreQq, like glec-HMC in T4, at least partially, inhibits ade-
nine methylation during phage infection. In phage Cajan,
the AqueC mutants have a 10-fold higher degree of m°®dA
(0.3% of dA), than the WT (0.03% of dA), supporting this
notion (6). Notably, phage 9g, which has dG* substitu-
tions (25-27%) of dG instead of dPreQq in an unknown
motif, can be further modified by non-specific methylation
(EcoGII) to a much higher degree (45% of dA) (50).

The partially shared target site of m®dA and dPreQy pre-
vents the distinction between the two modifications by the
Tombo software, although a higher degree of Dam modifi-
cations would have been detectable from the MEME-based
motif discovery. The low degree of dC and dT modification
indicated by Nanopore sequencing was not supported by
the LC-MS/MS analysis and is thus characterised as rep-
resenting false positives.

The iggy genomic DNA is resistant towards selected REs

The GA motif was further examined by RE analysis (Sup-
plementary Figure S8). The iggy genomic DNA is, as
expected, sensitive towards Ncol (CICATGG) and Ndel
(CAITATG) while resistant towards EcoRV (GATIATC)
and Sa/l (GITCGAC). However, as also observed for CAjan
(dPreQq, ~25% of G) (2), it is sensitive towards EcoRI and
BamHI targeting GIAATTC and GIGATCC, respectively.
Conversely, dG* substitutions seem to protect phage DNA
against cleavage from both EcoRI and BamHI. Pantoea
phage vB_PagS_Vid5, which is predicted to have dG* substi-
tutions is resistant towards BamHI and phage 9g (dG*, 25~
27% of G) is resistant towards ~100 REs including EcoRI
and BamHI (7,50,51). Interestingly, Mycobacterium phage
Rosebush DNA (dPreQg, ~28% of dG) is also resistant to-
wards BamHI (no EcoRI sites in genome). However, Rose-
bush also has a miniscule amount of dADG substitutions
(~0.003% of G) or perhaps other supplementary unde-
tected modifications (2). It has previously been shown that
Hinfl has a complex pattern of interaction with DNA and
is highly susceptible to minor perturbations in secondary
structure (52). Correspondingly, the dPreQ in iggy DNA
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Figure 6. Effect of PAM region modification on RNP complex activity. (A) Graphic showing the protospacer sequence of seven individual RNPs used in
the experiment. Modifications on the target strand, non-target strand, or PAM region are highlighted in yellow, orange, and red, respectively. Digestion
product sizes are indicated on the right side. (B) Electropherograms of the seven individual RNPs targeting synthetic DNA with canonical bases only (lanes
2-9) or synonymous, native DNA obtained from phage iggy DNA (lanes 10-17). The first lane represents the size ladder, while lanes 2 and 10 serve as
controls without RNPs. The positions of uncleaved and cleaved fragments are indicated on the right side. RNPs 4, 6 and 7, which recognize a modified
PAM and have 75% reduction in cleavage efficiency are marked with an asterisk (*).

appears to interfere with effectivity of Hinfl. Even though
Hinfl is clearly able to restrict some sites, it is far from being
active at all 164 sites in the iggy genome.

The dPreQ0 modification provides protection towards in vitro
digestion with cas9

To further investigate the defensive nature of dPreQq and
whether it also protects against adaptive immune systems
such as CRISPR-Cas, we identified seven protospacers
based on the Nanopore motif analysis for testing with Cas9
RNP complexes. Reactions were made on both native iggy
genomic DNA with modifications (dG — dPreQy) in pre-
dicted sites and a synthetised version of the same fragment
containing only canonical bases. The crRNAs were selected
to target genomic sites with different context of modifi-
cations; in the protospacer adjacent motif (PAM), PAM-
proximal and distal region, and lack of modifications. The
positions of modifications are summarised in Figure 6. For
digestions made on fragments with canonical bases, the av-
erage efficiency of reaction was 84.5 +/- 5.5% regardless
of the crRNA used in the RNP. In all cases examined, the
efficiency of DNA digestion was observed to be lower for
the native iggy DNA. This decrease in efficiency is likely at-
tributable to the co-purification of additional Ndel restric-
tion fragments. Nevertheless, the reaction remained spe-
cific, and no extra products resulting from digestion were

detected. The proportion of the 4135 bp fragment of in-
terest within the native DNA template was determined to
be 32.8%. Intriguingly, the efficiency of the digestion pro-
cess in native DNA exhibited a significant discrepancy be-
tween sites with or without a modification in the PAM se-
quence (NGG for cas9). In instances where a modification
in PAM was present, the calculated efficiency experienced a
reduction of 75% (from 27.7 + 0.5% to 7.1 4 0.9%, see also
Figure 6).

It is known that PAM is crucial for DNA interrogation
(53) and kinetic analyses have shown that 7-deaza guanine
modifications in PAM destabilize target binding in the type
I-F CRISPR system of P. aeruginosa (54). Furthermore, it
was recently reported that deaza-modified nucleobases have
altered pK, values which can alter interactions with nucleic
acids and proteins (55). The results obtained in our experi-
ment suggest that defence against the Cas9 RNP complex is
provided already in the PAM scanning phase, possibly be-
fore the DNA is unwound and checked for the complemen-
tarity with crRNA (RNP 4, 6 and 7, Figure 6) (56). Further-
more, the presence of modified bases does not seem to affect
the DNA cleavage by the Cas9 RNP complex regardless of
the modification being present in the PAM-proximal seed
sequence (RNP 5, Figure 6) or PAM-distal region (RNP
3). Strains of P. aeruginosa have substantial genetic diver-
sity and clinical strains harbour a range of CRISPR-Cas
systems such as type I-F, I-E and I-C (57). The many types
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Table 2. Host range assessed by efficiency of plating (EOP), presented as log(10) reduction in infectivity (PFU/ml) of averages of triplicate PFU counts
with PAOI as reference (1.4 x 10! PFU/ml). A plus (+) denotes the detection of clearing zones where no individual plaques were observed in any dilutions.

Clinical strain denotation: CF patient/isolate/clone

Number Strain Isolation (year) Mucoid? EOP (log reduction)
Reference RO PAOI1 - NM Reference
R1 PDO3004 - M 0.4
R2 PAK - - 4.9
R3 PA14 - - 5.7
Mutant M1 PAOL1 ApilA 2021 - -
M2 PA14 ApilA - - -
Clinical isolates Cl CF66/20538 1992 - -
C2 CF66/4085a 2002 - -
C3 CF66/5561a 2008 - -
C4 CF66/5561b 2008 M -
C5 CF104/89378 2004 - +
C6 CF128/1398a/DK-1 1992 M 3.5
C7 CF128/1398b/DK-1 1992 NM 3.1
C8 CF128/8503a/DK-1 2002 M 32
C9 CF128/8503b/DK-1 2002 NM 3.0
Cl10 CF89/15061 1978 NM 44
Cl1 CF238/82847b/DK-1 2001 NM 32
Cl12 CF46/474a 1988 - 34
Cl3 CF46/474b 1988 - 4.0
Cl4 CF46/52329a 1997 - 3.7
Cl15 CF46/52329b/DK-1 1997 NM 3.8
Cl6 CF46/1395a 2003 - 5.4
C17 CF30/19731b/DK-1 1992 NM +
CI18 CF30/75887a 2001 - -
C19 CF30/75887b/DK-1 2001 NM 3.5
C20 CF/NA - 39
Environmental isolates El PsF7 - - -
E2 Ps16A - - +
E3 Ps16B - - 2.6
E4 Ps21 - NM 0.6
ES5 Ps24A - - -
E6 Ps24B - - -
E7 Ps24C - - 5.1
E8 Ps31 - - 4.9
E9 Ps44 - - 3.8
E10 PsF7 - - -
Ell PsF8 - NM -
El12 Ps10A - - -
E13 PsF10B - - 0.6
El4 Ps109 - NM -
El5 Ps352 - - +
El6 Ps119x - NM +
E17 PsM4A - - 2.8
E18 PsM4B - - 0.3
E19 PsMo6 - NM -
E20 Msl1214A - - 4.3
E21 Ps1214B - - +
E22 PsCol2 - NM -
E23 PsColl 1 - - +
E24 PsCol18 - NM 1.5
E25 PsCol21 - NM +
E26 PsCol188A - - +
E27 PsCol188B - - -

4M: mucoid, NM: non-mucoid (37).

and sub-types of CRISPR-Cas systems have evolved diverse
PAM sequences and readout mechanisms to counter escape
strategies, they have assorted stringency and some are able
to recognize multiple PAM sequences (56,58). Future stud-
ies are needed to determine if phage-encoded dPreQq does
indeed provide protection against host Cas cleavage during
infection. But these results suggests that dPreQy in iggy and
other phage genomes are indeed a part of their counter-
defence strategy against CRISPR-Cas.

Pseudomonas phage iggy has a broad host range on clinical
and environmental P. aeruginosa isolates

Phage iggy successfully infects and forms plaques on its iso-
lation host PAOI1, the reference strains PDO300, PAK and
PA14, on 13 out of 20 clinical isolates and on 10 out of
27 environmental P. aeruginosa strains. In addition, clear-
ing zones without visible plaque formation were observed
on two additional clinical strains and seven of the envi-
ronmental strains (Table 2). The infectivity (here defined
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as PFU/ml) of iggy on PDO300 is in the same range as
on PAOL, but is ~5 log lower on PAK and ~6 log lower
on PA14. The main cell surface receptors on P. aeruginosa
used by phages are lipopolysaccharides (LPS) and type IV
pili (T4P) (59). T4P are virulence factors used for adher-
ence, biofilm formation, DNA uptake, and twitching motil-
ity composed of single type I'Va pilin protein encoded by the
pilA gene which occurs as at least five distinct alleles associ-
ated with distinct accessory genes (59,60). PAOL, PDO300
and PAK all encode group II pil4, whereas PA14 encodes
group 111 pil4 (60). PAK is a virulent lab-strain charac-
terised by high expression of pili and flagella (35). To as-
sess whether iggy utilises pili as phage receptor, infectivity
tests were performed with both a PAO1 Apil4 and a PA14
ApilA transposon knockout mutant. The loss of pili caused
prevention of infection and thus strongly suggests that iggy
uses pili as primary receptors for initial attachment to the
host, though the secondary receptors for irreversible bind-
ing remain unknown.

The 10 environmental P. aeruginosa strains sensitive to
iggy represent a broad range of P. aeruginosa phage types
(38). The infectivity of iggy on four of them (E4, E13, E18
and E24) is comparable (0.3-1.5 log reduction) to infectiv-
ity on PAOI, while it is ~3-5 log lower on the remaining
phage types (Table 2). Phage iggy also infects the clinical
isolates with relatively high infectivity, only ~3-4 log lower
than on PAO1. The sensitive strains originate from six dif-
ferent CF patients and the isolates retrieved from patients
over time have remained sensitive over decades (Table 2).
Though there is a slight decrease in infectivity in the iso-
lates collected from a single patient since 1988 (C12-C16),
for which iggy infects the 2003 isolate with ~6 log lower
efficiency than PAO1. Mucoid conversion of P. aeruginosa
isolates from CF lungs are frequently observed (34,61) and
iggy infects both non-mucoid and mucoid clinical isolates
as well as PDO300. The inactivation (AG430) of the mucA
gene in PDO300, an isogenic derivative of PAOI1, causes a
constitutive expression of alginate biosynthesis genes lead-
ing to a stable mucoid phenotype (34). The ability of iggy
to infect this phenotype increases its potential for use as a
phage therapy agent, though further studies are required
to fully assess the suitability of iggy including biofilm as-
says, co-treatment with antibiotics, in vivo studies of phar-
macokinetics, and -dynamics and verification of a strictly
lytic lifestyle.

The occasionally observed phage propagation inhibition
devoid of plaque formation suggests that the iggy infection
cycles was incomplete on these isolates (n = 9) (Table 2).
In most instances (n = 7) clearing zones were only observed
when high phage concentrations (>1.4 x 107 PFU/ml) were
spotted. It cannot be ruled out that these clearing zones
are caused by lysis from without (62), but they may also
be a consequence of host encoded defence systems (in-
cluding the altruistic abortive infection (Abi) systems (63)),
which result in cell death but prevent propagation of phage
progeny and hence do not lead to plaque formation. On
two isolates (C5 and E25), turbid lysis was observed when
adding as few as ~700 to ~7000 PFU, rendering lysis from
without highly unlikely. Bacteria carry a multitude of anti-
phage defence systems, oftentimes organized in genomic
defence-islands (64). The preQy modification in phage iggy

DNA may counter host defence-systems targeting non-self-
DNA, such as RM-systems and CRISPR-Cas, by prevent-
ing recognition or binding. Through this, the preQy modifi-
cation may contribute to the relatively broad host range of
phage iggy, observed on both the reference, clinical and en-
vironmental isolates. PreQq modifications have previously
been shown to protect against a broad range of restriction
enzymes (6). The theory, that preQ0 modifications are part
of the phage anti-defence system, is supported in our study
by RE digestion and Cas9 RNP assays of iggy DNA show-
ing in vitro resistance towards selected restriction enzymes
with GA in their target and CRISPR Cas9 when dG in PAM
is modified.

In conclusion, the iggy DpdA is unique in having a sin-
gle GA motif resulting in ~16.5% substitution of dG with
dPreQy in the iggy genome. We found that at least 97% of
GA sites were modified, indicating an efficient DpdA modi-
fying enzyme that saturates the modification sites. We show
that DpdAs can have distinct recognition sites, as the CA-
jan DpdA binds to both GA, GGC and GGT whereas the
iggy DpdA only has affinity for GA. Diversity in the DpdA
DNA and protein sequences in distinct phage groups indi-
cates that the true range of DpdA motifs is even broader.
Furthermore, we show that preQq modifications in PAM
sites significantly lower the DNA cleavage activity of Cas9
RNP complex in vitro. This expands the potential range of
interactions between deazaguanine modifications and host
defence systems across phage-host couples and have inter-
esting implications in terms of potential involvement of
deazaguanine modifications in epigenetic regulation. Based
on the separate clustering in phylogenomic analyses, the low
degree of nucleotide sequence similarity (<10%) and few
common proteins (<2% with > 75% similarity) shared be-
tween iggy (and PBPA162, Pa-X, Pa-V, Pa-oumiga) and all
other published phages, we propose that these five phages
represent a new genus. This new genus has analogous
genome composition and characteristics with phages within
the subfamily Queuovirinae, class Caudoviricetes, and phy-
logenomic analyses confirm this taxonomic assignment.
Phage iggy efficiently infects a broad range of P aerugi-
nosa isolates under the given conditions, possibly aided by
the protective nature of the deazaguanine modification, but
additional studies are required to validate the suitability of
iggy for phage therapy.
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