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Abstract

We implemented several preclinical approaches sesss bacteriophage efficacy against
Pseudomonas biofilms and infections. Laser interferometry gmofilometry were applied to
measure biofilm matrix permeability and surface rgetsy changes, respectively. These
biophysical approaches were combined with an addmdrway Surface Liquid infection
model, which mimicsn vitro the normal and CF lung environments, andravivo Galleria
larvae model .

KTN4 (279,593 bp dsDNA genome) is a type-IV pilpgadent, giant phage resembling phiKZ.
Upon contact, KTN4 immediately disrupts tRe aeruginosa PAO1 biofilm and reduces
pyocyanin/pyoverdin production. The gentamicin agan assay on NuLi-1 and CuFi-1 cell
lines revealed the decrease of extracellular biattead between 4 and 7 logs and successfully
prevents wild-typd®seudomonas internalization into CF epithelial cells. Thesemperties and
the significant rescue @alleria larvae indicate that giant KTN4 phage is a sudatandidate

for in vivo phage therapy evaluation for lung infection aggilans.

Keywords: giant bacteriophagdélseudomonas aeruginosa, biofilm, Airway Surface Liquid

Infection model
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Introduction

Pseudomonas aeruginosa is a metabolically versatile Gram-negative baatarthat can cause

a wide range of opportunistic hospital-acquireceatibns. Individuals with open wounds,
cancer, compromised immune systems and chronic gnang conditions, such as cystic
fibrosis (CF) are particularly susceptible (Lyczdlal. 2000; Schroeder et al. 2001; Trautmann
et al. 2005)P. aeruginosa can undergo phenotypic and genotypic changessporee to the
environmental signals during infection and lives pdanktonic cells, colonies or biofilms
(Bragonzi et al. 2009). The increasing frequencynotftidrug-resistant strains is particularly
concerning as treatment options are severely ldnitethe absence of effective antibiotics
(Breidenstein et al. 2011; Poole 2011). Theregsreeral need to establish novel strategies for
the development of new antibacterial treatmentftective prophylactics as well as new
diagnostic tools to identify CF pathogen virulerdeterminants. One of the possibilities is
bacteriophages, the natural parasites of bact@ieage cocktails have been applied as
alternative or as supportive treatments simultasigowith antibiotics forP. aeruginosa
eradication causing various infection such as gumtulvounds, septicemia, urinary tract or lung
infections (Sulakvelidze et al. 2001; Wright et2009; Dorotkiewicz-Jach et al. 2015). Many
studies have presented phage high bactericidattedfginst CF isolates taken from different
stage of infection, reducing the lung bacteriabdeurinin vitro andin vivo models (Debarbieux

et al. 2010; Morello et al. 2011; Alemayehu et2dl12; Saussereau et al. 2014; Cullen et al.
2015). Bacterial biofilm eradication is an impottasmspect towards successful vivo
treatments. To overcome the biofilm barrier, phaagesvolutionary partners of their hosts have
developed specific strategies such as productitigbly specific enzymes like polysaccharide
depolymerases or alginate lyases. These enzynues thié phages to invade the bacterial cells
entrapped in the polysaccharide backbone by detjpadaf biofilm structure. Moreover, the

bacteria released from exopolysaccharide matrizoine accessible for antimicrobials or host
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immune system components (Bayer et al. 1992; Alsaved al. 2006; Drulis-Kawa et al. 2012;
Danis-Wlodarczyk et al. 2015; Olszak et al. 2019he phiKZ-like phages and their gene
products may play an important role in control athpgenic pseudomonads (Miroshnikov et
al. 2006; Briers et al. 2008). Some of these phdges already been incorporated into
traditional phage therapy cocktails and continueb&o examined for novel therapeutic
applications (Matinkhoo et al. 2011; Golshahi eRfl11; Drulis-Kawa et al. 20143hikzvirus
constitute a genus of ‘jumbo’ myoviruses, lytic mga a variety ofPseudomonas species
(Krylov et al. 2007; Lavigne et al. 2009). To dateer twenty phiKZ-related phages have been
found in soil, water, therapeutic phage preparati@md phage typing schemes from diverse
geographic locations (Krylov et al. 2007). PhiKZated phages have a large icosahedral head
(=122 nm in diameter) and a long (~190 nm) coniteatail surrounded by fibers. Inside the
capsid a large cylindrical “inner body” (15-20 MDegnsisting of at least six different
proteins), holds the genomic DNA (Krylov et al. #98Thomas et al. 2012). This long
conserved head component spanning the whole gapgid wall-to-wall was observed in
phiKZ-related phages, e.g. 202-1, oPA3, EL, OBP (Krylov et al. 2007). Their genomes ar
very large (between 211 and 317 kb of non-redundaqtience) and compose of circularly
permuted, terminally redundant linear double-steahand A+T-rich (>52%) DNAs (Sokolova
et al. 2014) .

This work describes the genome organization anlddpyoof a novel phiKZ isolate KTN4, and
its antibacterial potential is examined using nowsbfiim assays (interferometry and
profilometry) as well as a novel Airway Surface lid model on nonCF and CF epithelial cells
lines, in an effort to mimie¢n vivo conditions as closely as possible. Indeed, thg hirway
surface is covered with a thin airway surface lilgealled the ASL, which consists of a mucus
layer and a periciliary liquid layer. The formeajs and removes inhaled pathogens, while the

latter keeps the mucus at an optimal distance fr@underlying epithelia to maximize ciliary
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mobility, provides a low viscosity solution and &@s a lubricant layer for mucus transport.
Together, they play a critical role in effective eoailiary clearance of the airway (Matsui et
al. 1998; Zabner et al. 2003). In the case of @Wwanis due to the decreased ASL volume or
altered mucus, bacterial elimination by phagocyseslefective, inflammatory response is
abnormal, and mucociliary clearance is reducedai@fays have a sticky mucus providing the
perfect milieu, microaerophilic to anaerobic enwment, enabling the colonization and

propagation oP. aeruginosa (Worlitzsch et al. 2002).

Results and Discussion
Isolation and morphology

Lytic phage KTN4 was isolated from sewage sampbiisated from irrigated fields located in
Wroclaw, Poland. After purification phage titresred G°- 10 pfu/ml and caused ~ 1.7 mm
wide clear plaques with halo zone on 0.6% soft.afae KTN4 morphology was examined by
transmission electron microscopy (TEM) and clasdifito the Phikzikevirus, order
Caudovirales, family Myoviridae (Fig. S1) (Lavigne et al. 2009). The isolate wasially
named vB_PaeM_KTN4 (KTN4). The isometric head s be estimated at 130 nm between

opposite apices, the tail and base plate is 16&nm
Molecular analysis and taxonomic context

Genome sequence analysis revealed KTN4 as a dmagepof 279,593 bp, highly similar
(>99% genome-wide DNA homology, conserved regulat@lements and genome
organisation) taPseudomonas phage phiKZ. A detailed genome and proteome aisalgs
provided within a dedicated supplementary sectgimwing minor differences to phiKZ
(Suppl.1, Table S1, Fig. S2-S4). An experimentalcstral proteome analysis (ESI-MS/MS)
allowed the identification of 111 virion-associatgene products (out of 368 predicted open

reading frames in total). To place this phage itdéobroader taxonomic context, a protein
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sharing network, comprising 49%audovirales and unclassified phages with 6,948
relationships (edges) between them, was generkigdX). As expected, phage KTN4 was
placed in a single component with five well-knowaseudomonas phiKZ-related phages

including phiKZ, phiPA3, 201phi2-1, EL and OBP ({@elissen et al. 2012), as well as four
other phages phiJM-2012, SPN3US, CR5, and phiEa#i;h was separated from other

components.
One-step growth and stability tests

One-step growth experiments indicated a latenbdest 40 min and a burst size of about 6-8
phage particles per infected bacterial cell. Tlabibty test revealed that KTN4 is relatively

stable in a broad range of temperature and pH.edaation of pfu/ml was observed over a
period of 60 min at a temperature of 40-70°C, whilbour incubation at 80°C and 15 min
incubation at 90°C decreased the titer with 4 atahprespectively. After 1 hour incubation at
room temperature at pH between 6 and 12 over 9g@gshremained infective. At a pH of 3-

4 around 10% of particles showed the lytic activithrile pH 2 reduced the titer to less than
1%. No significant change in KTN4 titer was obsehafter 50% chloroform treatment for 1h

incubation at room temperature and at 4°C.
Determination of phage receptor and host range

In the study based on PAO1 mutants it was obseihvetdK TN4 requires the presence of IV
type pili on the surface of the host cell as itseor (Table 1). The Iytic activity of KTN4 was
examined on two independelRt aeruginosa panels. First, 43 clinicdP. aeruginosa strains
from COST international reference panel were uge%oyza et al. 2013). The KTN4 phage
was able to infect 32.6% isolates, compared toessprtatives of the N4-like group (LUZ7
41.9%), the phiKMV-like group (LUZ19 44.2%), the PBke group (LBL3 39.5%, KT28
27.9%, KTN6 41.9%), the phiKZ-like group (phiKZ 866) and a novel jumbo phage PA5oct
23.9%. Second, phage KTN4 exhibited a broad spmotfuactivity against 58 clinical strains

6
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from Military Hospital Neder-Over-Heembeek, Brussdelgium (Pirnay et al. 2002). KTN4
was able to infect 46.6% strains, whereas reprateas of the N4-like group (LUZ7 34.5%,
LIT1 12.1%), LUZ24-like group (LUZ24 22.4%), phiKMiike group (LUZ19 39.7%, LKD16
31.0%, LKA1 3.5%, KMV 32.7%), and PB1-like groupBL3 46.6%, LMA2 24.1%, LSL4

17.2%, KT28 58.6%, KTN6 67.2%) mostly show a maserow spectrum (Table S2).

Phage influence on biofilm characteristics coverindNephrophane

membrane

The anti-biofilm activity of giant phage KTN4 wawvatuated by spectrophotometry and
fluorescence assay, and compared with the effiofcyplistin, an anti-pseudomonal drug (Fig
2). The activity of colistin was first adjusted &4 h PAO1 biofilm growing in microtiter plates
and the biofilm mass was evaluated by CV stairdaged on the above results, a concentration
of 100 uM colistin was selected (Fig 2A). Afterwaraxperiments were performed on the
PAOL1 biofilm grown on a Nephrophane membrane fordhime periods (24, 48 and 72 h). In
the Fig 2B, the CV staining of biofilm biomass dcation showed significant effect of active
KTN4 and colistin combined with active phage agaif h-old biofilm. The colistin alone
significantly reduced the biomass of the biofilmnf@d for 24 h. In contrast, the CV assay
showed an increase of biomass after intact phatgielpa treatment of 24 h biofilm. No biofilm
mass eradication was noticed for inactivated phaggsrdless of biofilm age and the
combination with colistin. In general, the CV siag did not reveal efficient eradication results
both for phage and antibiotic. As discussed reggithnis-Wlodarczyk et al. 2015), the CV
assay has specific limitations. As a consequertber methods have been applied to evaluate
phage potency to affect biofilm forming bacteriar Ehis purpose, the analysis of pyocyanin
and pyoverdin secretion to the medium by spectrigrhetry and fluorometry was used,

allowing detection of highly diffusible pigmentesignaling molecules levels of quorum
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sensing and a siderophore (Hassett et al. 1992eiMsal. 1996; Allen et al. 2005; Dietrich et
al. 2006).

The analysis of pyocyanin concentration in growdinm showed that active phages, colistin
and active phage/colistin treatment significangrased the level of this compound for the
tested biofilms (24, 48 or 72 h) compared to UVelhated phages (Fig. 2C). It turned out that
infective form of giant phage significantly reduct®d concentration of pyocyanin, whether
combined with colistin or alone. The level of pyali@ determined by the fluorescence was
significantly lowered after colistin application @4 h biofilm and in combination with both
phage preparations on PAOL1 biofilm formed for 7&iy. 2D). The reduction of siderophore
concentration was noted also in case if 72 h bokkposed to active KTN4. The combined
treatment composed of phage and antibiotic dicshotv a synergistic effect in either biomass
or dyes determination assays. This observatioarisistent with previous observations for two
Pseudomonas PB1-like phages (Danis-Wlodarczyk et al. 2015).rébtwer, the positive
correlation between bacterial cells growth, bioffionmation, pyocyanin and pyoverdin levels
in supernatants has been found, indicating thaettheced levels d?seudomonas-specific dyes
could be related to phages activity. Statisticalgnificant (p < 0.005) inhibition observed for
pyocyanin and pyoverdin production was elicitedghyages (lysis of cells in biofilm). The
guantities of the most important pigmented sigmplmolecules secreted by the pathogen
decreased significantly, which proves the poteritig@se phages to be appliedPseudomonas
biofilm treatment.

The phage application effect on biofilm disruptigas analyzed by laser interferometry assay
(Arabski et al. 2007; Danis-Wlodarczyk et al. 2Q1&)biophysical technique measuring the
guantitative changes in biofilm matrix permeabifily low molecular compounds (Fig. 3). This
experiment was not performed for colistin, sinceantvity of the drug for three-days biofilm

could be measured. The diffusion of TSB medium ¢ghobiofiim was evaluated, which
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indirectly indicated its structure degradation. Thgdrophilic Nephrophane membrane
overgrown by 72 h biofilm was chosen for the irgesimetry analysis. The PAO1 biofilm was
treated with active and UV-inactivated KNT4 phage 4 h. The diffusion rate of medium
transported though the biofilm-covered membran@g(@. 10° mg/h) was significantly higher
than for intact biofilm (p < 0.001) after activedaimactivated phage treatment, reaching 1.65 x
10% mg/h and 1.39 x 1D mg/h, respectively. The increase of diffusion rdteough the
overgrown membrane after phage application indectite degradation of the biofilm structure
associated with the disintegration of matrix eletael should be emphasized that the increase
of the diffusion was also obtained after the agglan of inactivated particles, suggesting that
tested phages are probably equipped with exopatiisaicle depolymerases, responsible for
phage particle spread within the biofilm matrix.

The effect of KTN4 phage treatment on biofilm digran was also analyzed by ZETA-20 non-
contact optical profiler, a novel 3D measuremecimgque. Two of the system imaging modes
(Z-Dot™ and Nomarski (ZIC)) were used to determine thepBilile of tested surface with the
reflection on natural colors (Fig. 4). The yelloolar of PAO1 biofilm (Fig. 4B) formed on the
grey Nephrophane membrane was associated withrttkigtion of pyoverdine by bacterial
cells leaving in a mature biofilm. After the incuiloa with KTN4 phage, the color of degraded
biofilm was similar to native membrane. It indichtéhat phage was able to inhibit the
production of pyoverdine by PAO1 cells. Moreovayeral parameters of surface roughness
was also measured what allowed to analyze the gdiychanges in the biofilm geometry (Table
S3). The surface structure, described by Rsk paeanteas changed after incubation with phage
preparation. The biofilm surface was smoother gftexge treatment observed as the skewness
parameter (Rsk) decreased.

Considering anti-biofilm assays in general, it sedrthat comparing to CV assay, the novel

approaches such as laser interferometry and pmodity (ZETA-20, Zeta Instruments Co., San
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Jose, USA) turned out to be more efficient andipesiechniques, providing important insights
on the degradation and permeability feature ofilaromatrix, and surface geometry changes
including several roughness (R) parameters andigilffe pigmented signaling molecules

production by biofilm forming bacteria.

Antibacterial efficacy of KTN4 phage analyzed in getamicin

exclusion assay on Airway Surface Liquid infectiormodel

In our studyjn vitro antibacterial activity of KTN4 phage was assessggntamicin exclusion
assay on ASL, which is to our knowledge, the fiegtort showing phage treatment efficacy in
that infection model. For experiments, two celebBnwere selected: 1) NuLi-1 derived from
normal human bronchial epithelium and 2) CuFi-lial from CF patient bronchial
epithelium with significantly thinner ASL (Zabnet al. 2003). Thred°. aeruginosa strains
were selected for these experiments: PAOL referstiaé (piliated, motile strain, effective
biofilm former), a nonCF0038 isolate from burn wduiighly expressing type IV pili), both
reflecting CF early colonizing isolates, which a@n-mucoid with typically smooth LPS and
more virulent. The third strain was CF708 from latfection phase, presenting slowly growing
and less virulent small colony variants (SCVs) vl expression of type IV pili, and biofilm
formation (Olszak et al. 2015). First, both epithlatell lines were infected with selected strains
for 3h and colony count showél aeruginosa efficiently propagated in both ASLs (A00°
cfu/ml) (Fig. 5). PAO1 and nonCF0038 pathogensvgvetter on NuLi-1 cell line, reaching
around 1 log higher compared to CuFi-1 ASL. Thelbowony variant CF708 grew equally
well in both types of mucus layer. In the secomg sif experiment, the KTN4 phage eradication
ability of the extracellular bacterial load was kexded. CFU counts dP. aeruginosa were
significantly (p < 0.05) reduced for the normal NHlLepithelia cells. A 7 log, 6 log and 4 log
decrease was observed for PAO1, nonCF0038 and CF4)&ctively (Fig. 5A). In the case

of the CuFi-1 epithelia the phage treatment was adsy effective giving 4 log, 6 log and 5 log
10
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reductions in colony count of PAO1, nonCF0038 af¥@3, respectively (Fig. 5A). PAO1
was significantly more susceptible (p < 0,05) tagyd treatment in NuLi-1 cells compared to
CuFi-1 cells, contrary to the CF708 isolate. It wasfirmed that the KTN4 phage could freely
diffuse and gain access to the bacterial hostoth ASL models, but the final result of the
treatment was strongly dependent on the straiurfestor due to different ASL pH between
NuLi-1 and CuFi-1 cells. A possible explanation tbis phenomenon was observed by
Worlitzsch’s studies (Worlitzsch et al. 2002) whBreeruginosa was not interacting with the
CF epithelium directly, but was rather found traghre mucus plugs formed in the airways.
Thus, the phage receptors could be masked by neleagents, which have an influence on
phage adsorption to bacterial cell surface. Moreotee CF strain better adapted to CuFi-1
environment could probably express more efficiettily type 1V pili, which are receptors for
KTN4 phage.

In the next step of our experiment, the abilityPoferuginosa strains to invade into epithelial
cells was investigated (Fig. 5B). Althoudh aeruginosa was generally thought to be an
extracellular pathogen, a number of different geohave found that it can be internalized into
a range of different cell types, including epithkkells (Fleiszig et al. 1995; Schroeder et al.
2001). The results showed that CF and nonCF stcainkl indeed internalize into both cell
lines and no statistically significant differeneesre observed for all pathogens. The PAO1 and
nonCF0038 were much less ingested by epitheliunpened to the CF708 isolate, where only
4.50E-05% and 2.00E-04 — 5.00E-05% of infectingytaon were able to internalize into
NuLi-1 and CuFi-1 cells, respectively, in contrést0.05% and 0.06% for CF708 isolate.
Clearly the internalization capability and adamasi of CF708 strain were more effective
compared to the nonCF strains, consistent withipusvobservations (Fleiszig et al. 1995).

This suggests that thifeseudomonas strains with high cytotoxicity are low invasivedauice

11
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versa, bacteria less virulent enter the epitheldlls to survive intracellularly without killing
the host cell.

In the last step, the influence of KTN4 phage tresatt on the number of invaded bacteria was
evaluated (Fig. 5B). In the NuLi-1 cell line thesere no significant changes in CFU counts
for all P. aeruginosa invading strains after phage application. A possistplanation is that
during the 3 hours of pretreatment, all bacterglisovere already internalized, thus the phage
had no access to these host cells. In contrastpliage application was significantly more
effective for CuFi-1 internalization prevention lyld type P. aeruginosa strains, since CF
lung cells due to lack of CFTR, show significariggs ingestion rate of LPS-smooth bacteria
and significantly greater lung burdens post-infattihan wild-type epithelium (Schroeder et
al. 2001). As previously mentioned (Worlitzsch et2z®©02)), wild strains not well adopted to
sticky and dense CF environment are absent onedjitisurface but remain as macrocolonies
within intraluminal material, slowing down efficiemternalization. Simultaneously, phage
application cause effective eradication of bacteedls trapped in the mucus plugs. The CF708
isolate evolving in CF patient is able to interralwith the CuFi-1 epithelium in relatively short

time after infection evading phage Iytic activity.

Antibacterial efficacy of KTN4 phage analyzedn vivo on wax moth

larvae model

The wax moth larvae model has been chosen fomthieo assay because tle aeruginosa,

as a naturabGalleria pathogen, is highly virulent in these insects wimartulated directly into
the hemolymph (Miriagou et al. 2010; Fancello et20111). The lethal dose causing fast
infection progress was established as follows: EQ @r PAO1 and nonCF0038 strains and
10° CFU of CF708 isolate per larvae and the treatmeaistcarried out by the injection of phage
lysate at multiplicity of infection (MOI) of 100 (§. 6). The negative controls (uninfected and
receiving phage lysate larvae) gave a 100% survigté. The 10 CFU of PAO1l and

12



294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
FlS
314
315
316

317

non-CF0038 strains caused 100% caterpillar moytaliter one day of infection. The small
colony variant CF708 isolate even at very high idom (1 CFU) was significantly less
virulent than former oneg (< 0.0001) with the delay of killing 20% and 40%eafthree and
four days of infection, respectively.

The KTN4 phage application showed a significantactpnGalleria larval survival rate from
lethal PAOL1 infection rescuing 90% of caterpill&8 h post injection < 0.0001). The
protective activity of the phage against nonCFOpRfpagation was much less efficient saving
only 20% of larvae at the same tinpe<{ 0.0001). The antibacterial activity of applicuage
against CF708 isolate was seen at the very eree@xperiment (fourth day) with 90% survival
rate of treated larvae in comparison to 60% ofeat&d control.

The results obtained i@. mellonella model generally correlated with data observed foLiN

1 cells in ASL infection assay, where the bactartalnt of PAO1 was reduced by KTN4 phage
more efficiently than of non-CF0038 strain, althbtige later one was assigned as a strong type
IV pili former (a receptor of KTN4 phage). The pitds explanation of this effect could be the
biochemical clonally variation of non-CF308 popidat examined by Fourier transform
infrared spectroscopy (FTIR) analysis in the s@eaindow of carbohydrates and lipids, in our
previous study (Olszak et al. 2015). This may iafice the stronger variation of phage
susceptible cells among treated non-CF308 populat@omparing presentecalleria
experiment to our previous study done on the saraes (Olszak et al. 2015), the protective
efficacy (p < 0.0001) of KTN4 phage was similar to the acyiwt another giant phageASoct
tested in Olszak et al. study, which rescued 90%abérpillars after two days of PAOL
infection. The increased larval survival rate ie firesence of PB1-like phage (100% at the
same time) compared to the giants ones, could stugjfgeimportance of phage size and phage

generation time rate (KT28 < PA5oct and KTN4) ia therapeutic results (Olszak et al. 2015).
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In the moth larvae model an antibacterial potertfaKTN4 phage was proven agairiat
aeruginosa pathogen. Nevertheless, the administration oteitytic agent (antibiotic, phage)

in the treatment of infection, especially causedbgm-negative bacteria, may result in severe
consequences as Systemioflammatory Response Syndrome. The rapid release of
lipopolysaccharide (LPS) during lysis of a big nienbf cells in a short period of time, may

leads to serious side effects in treated patibog the therapy should be carefully selected.
Conclusions

Genome and proteome analysis, as well as a prekainng network indicates that KTN4 phage
belongs to “jumbo’Myoviridae and it is closely related to phiKZ phage. Thisdwirus has a
broad spectrum of activity with prevalence to daliisolates, especially from CF patients.
Moreover, this phage has a very strong bacteri@tfatt (4-7 log reduction of colony count)
againstP. aeruginosa strains, as tested in a ASL model. To our knowldatigeis the first study

of phage application using this lung epithelia atilen assay. The gentamicin exclusion assay
on ASL in vitro model is flexible, generates reproducible datahwitell-controlled and
standardized conditions, mimicing the normal andu@ig environments. Moreover, it provides
a basis for understanding the host-pathogen irtterecand is, as such, an important step
towards experimentaln vivo studies. Indeed, th&alleria larvae model provides a first
confirmation of then vivo potential of the antibacterial efficacy of KTN4gge against clinical
isolates, albeit in a strain dependent manner.

Since Pseudomonas common infections are usually associated withilanoformation, the
ability of KTN4 to disrupt the biofilm has been exmed in detail. The phage demonstrated a
strong anti-biofilm potential immediately after dipption. In contrast to the commonly used
CV assay, novel biophysical techniques (interferoynand profilometry) have proven to be
sensitive and reproducible techniques, providindormation on changes in biofilm

permeability and the 3D structure, during the Imofstructure degradation process.
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Considering all these characteristics, KTN4 phage suitable and promising candidateifor

vivo trials, for applications in treatment and propkigdan lung infections.

Materials and Methods
Isolation, propagation and purification of phages

ThePseudomonas aeruginosa PAO1 (ATCC 15692) strain was used as phage projpadzost.
Environmental water samples from irrigated fieltss Wroclaw, Poland were centrifuged
(15,000 g for 15 min) and the supernatant wasréttehrough a 0.22 um Millex-GP filter
(Merck Millipore, Germany) to remove bacterial desbPseudomonas phage KTN4 has been
propagated as previously described (Danis-Wlod&retyl. 2015). Phage lysate was purified
with CsCl-gradient ultracentrifugation as descrilgdCeyssenst al. (Ceyssens et al. 2008).
The phage titre of the solution was assessed ubkmglouble-agar layer technique (Adams
1959). The virion morphology in transmission elentmicroscopy (TEM) was established

according to the method described elsewhere (Dataglarczyk et al. 2015).
DNA isolation and sequencing

Phage DNA was isolated according to the modifiextqmol fork DNA isolation (Ceyssens et

al. 2009) after CsCl gradient purification of phaggrticles (18 pfu/ml). Whole genome

sequencing was performed by use of the llluminaddiflatform available at the Nucleomics
Core (VIB, Belgium). A 2*150 bp paired-end librafifextera XT sample prep) was prepared
and sequenced. The reads were assembled in a sogig with a 100-6000 fold coverage
using CLC genomics Workbende novo assembly algorithm (CLC bio, Qiagen Company).
The genome of bacteriophage KTN4 was deposited estB&nk under accession number

KU521356.
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In silico genome analysis

Potential ORFs were identified using the GeneMa(B&emer et al. 2001), GeneMark.hmm
(Lukashin and Borodovsky 1998), OrfFinder (Sayersle 2011) and manually analyzed.
Translated ORFs were compared to known proteimgUBLASTP (Altschul et al. 1990), the

HHpred server (Soding et al. 2005) and HMMER (Fetral. 2011), providing further insight

into the predicted function of proteins. Conserpedtein domains were identified using the
Pfam (Finn et al. 2006), InterPro (Mitchell et 2014) and PHYRE2 (Kelley et al. 2015).
Putative tRNA genes were searched for using theA#RENn-SE program (Lowe and Eddy
1997). The intergenic regions were screened farlaggry elements using fuzznuc (Rice et al.
2000) and manually evaluated. Putative factor-iedeent terminators were identified with

ARNOLD software (Naville et al. 2014).
Protein family clustering and network constructionand analyses

To represent the genetic relationships of KTN4 wither phages as a gene (protein)-sharing
network, each predicted protein was clustered praotein families using the ACLAME
database (version 0.4) (Leplae et al. 2010) wighddtabase of “viruses” and an E-value <0.001
(Lima-Mendez et al. 2008). Additionally, for theages that share significant gene contents
with KTN4 but are absent in the ACLAME databas®92, protein sequences were retrieved
from phiKZ (NC_004629), phiPA3 (HQ630627), 201pHiZNC_010821), EL (NC_007623),
OBP (NC_016571), phiJM-2012 (JQ340088), SPN3US (0&82402), CR5 (NC_021531), and
phiEaH2 (NC_019929). The proteins that could noabgigned into any ACLAME protein
families were defined as the unclassified protamifies (UPFs) as previously described (Jang
et al. 2013a). We accepted the transitive natureegtience families (Casjens 2003), i.e., a
sequence is added to a cluster if it shares armmapbest hit relationship with at least one of
the sequences of the cluster. The degree of sityilagtween other phages was generated as

the minus logarithmic score by multiplying hypergesric similarity P-value by the total
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number of pairwise comparisons (Lima-Mendez et2808). Afterwards, a protein-sharing
network was built with the Cytoscape software platf (version 3.1.1; http://cytoscape.org/),
using an edge-weighted spring embedded model. dgmall properties of the network were

estimated with the Network Analyzer 2.7 Cytoscalpgfin (Brohée et al. 2008).
ESI-MS/MS analysis of structure-associated proteins

Phage proteins were extracted from a purified pragpension (0 pfu/ml) by a single
methanol/chloroform extraction (1:1:0.75, v/v/v) dids Organics) and subsequently
precipitated by addition of an equal volume of naethl (16,0603, 6 min). The dried phage
protein pellet was resuspended in SDS-PAGE loabtuiger and boiled for 5 min before
loading onto a 12% SDS-PAGE gel. Protein gels wgtamed afterwards with GelCode Blue
Safe (Thermo Scientific). Further, the entire laf@ phage protein profile was prepared for

ESI- MS/MS as previously described (Ceyssens @0dl4; Van den Bossche et al. 2014).

Burst size experiments and Sensitivity of phage pcles to heat,

chloroform and pH

A one-step growth curve was performed accordinipeéamethod of Pajunest al. (Pajunen et
al. 2000) with modifications. An equal volume otbexial culture (at optical density at 600 nm
of 0.4) was mixed with phage suspensior? (if/ml) to obtain a multiplicity of infection of
0.01. Phages were allowed to adsorb for 8 min &C3after which the mixture was diluted to
104, Triplicate samples were taken during 1 h at 5 imi@rvals and titrated. The sensitivity of
phage particles to heat, chloroform and pH werép®ed according to previously described

methods (Danis-Wlodarczyk et al. 2015).
Phage typing and phage receptor analysis

The lytic activity of KTN4 was examined on 58 ctal strains from Military Hospital Neder-

Over-Heembeek, Brussels, Belgium collection (Pireayl. 2002) for comparison to other
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Pseudomonas phages including: N4-like group (LUZ7, LIT1), LUZdike group (LUZ24),
phiKMV-like group (LUZ19, LKD16,LKA1, KMV), PB1-like group (LBL3, LMA2, LSL4,
KT28, KTNG6) (Table S3). Moreover, the phage speitifito particular bacterial receptor was
tested on PAO1 mutants deficient in biosynthesi8d-tand and B-band O-antigen, flagella,
IV type pili, or alginate production (Table 1). Fali phage experiments 4-6 h old bacterial
cultures were used, unless otherwise stated. Terrdete bacterial susceptibility to phage-
mediated lysis, a drop of the phage suspensiofpfldml) was put on a bacterial lawn and
incubated at 37°C. The plates were checked afteh 4nd again after 18 h for the presence of

a lysis zone (Kutter 2009).

Phage influence on biofilm characteristics coverindNephrophane

membrane

Nephrophane (VEB Filmfabrik, Wolfen, Germany) isnacroporous, highly hydrophilic
membrane made from cellulose acetate ([trio-ace&t€OCO-CH3)n]) of a spongy structure
(Arabski et al. 2007; \46ik et al. 2015). The analysis of biofilm degradatby intact and UV-
inactivated phages was performed by microbiologicethods as well as biophysical
techniques. In the first step of the study, théacterial effect of colistin against PAO1 biofilm
formed in TSB medium for 24 h at 37°C was determiriEhis step was made in microtitre
plates using the CV (0.004% crystal violet) asgdierwards, the Nephrophane membrane was
covered by a PAO1 biofilm formed for either 24,@872 h at 37°C in TSB medium. Next,
the biofilm was treated for 4 hours with KTN4 phg§e1® pfu/ml) and/or colistin at a 100
MM concentration at 37°C. After incubation, thefitmo was stained with CV (0.004%) for 15
min or was tested for pyocyanin and pyoverdin leviel the supernatants, as previously
described (Danis-Wlodarczyk et al. 2015). The deatian of biofilm by phages is associated
with increase of the permeability of its matrix foww molecular compounds. The quantitative
measurements of cultivation medium (TSB) diffusiorough biofilm structure after incubation
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with phages might indicate on disruption of itsusture. This degrading activity of KTN4
phage on PAOL1 biofilm was tested by laser interfestsy method as presented elsewhere
(Arabski et al. 2007; Danis-Wlodarczyk et al. 2Q1bhe level of Nephrophane membrane
covered by biofilm was determined as 92.4% . Therfarometry system consisted of two glass
cuvettes, separated by the horizontally locatedhigghane membrane, covered with PAO1
biofilm formed for 72 h at 37°C. The KTN4 phageatiment (5x18pfu/ml) was carried out for

4 h at 37°C. All experiments were performed inlicgte.

PAO1 biofilm surface geometry, its physical paraanetas well as true color of 3D optical
profile were determined by ZETA-20 (Zeta Instrunge@., San Jose, USA). Two imaging
modes, Z-Dot" Optical Profiler and Nomarski (ZIC), were applidfeasurements were made
for 188 um x 141 um areas with a resolution 0.0d6ip the Z axis. Several roughness (R)
parameters were defined: Ra — arithmetical mearatien, Rq — root mean square deviation,
Rp — maximum profile peak height, Rv — maximum peofalley depth, Rsk — skewness, Rz —
maximum height of profile, and Rku — kurtosis obfide. For each of these parameters the

value minimum, maximum, mean, standard deviatiahrakative error has been determined.

Gentamicin exclusion assay on Airway Surface Ligquidnfection

model

NuLi-1 (Normal Lung, University of lowa), derivedoim human airway epithelium of normal
genotype, and a CF cell line, called CuFi-1 (CyBthlrosis, University of lowa), derived from
bronchial epithelium of a homozygous CFTR F508d#8¢del individual, were kindly
provided by Zabner (University of lowa, lowa Citid). The ASL model was prepared
according to methods described elsewhere by ZdHadiner et al. 2003). Both cell lines were
inoculated with 25ul oP. aeruginosa PAO1 reference strain (6.2 x “I¢fu/ml), nonCF0038
isolate from burn wound (6.5 x 1€fu/ml) and CF708 small colony variant (1.0 >8 &fu/ml)

at optical density at 600 nm of 0.1, and incub&bed..5 h at 37°C, 5% COThe 25ul of KTN4
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phage suspension (8.5 x4 pfu/ml) was added to each millicell hanging celltete insert.
Subsequently, cells were incubated for 1.5 h aC3%% CQ. Next, cells were washed with
PBS and apical washes were serially diluted in DMEM medium (Sigma-Aldrich) and
guantified by viable counts on LB agar (Sigma-Adti)i after 24 hours. To evaluate the ability
of P. aeruginosa to invade into epithelial cells and the ability phage KTN4 to prevent this
invasion, extracellular and adherent bacteria wéled by addition of 400pg/ml gentamicin
(Thermo-Fisher Scientific) and incubated for 1 BACC, 5% CQ The drug was subsequently
removed by PBS washing and epithelial cells wesedywith 0.4% Triton-X100 (Sigma-
Aldrich) 100 pl for 15 min at 37 °C, 5% GOThe resulting lysate was serially diluted in
DMEM:F12 medium and quantified by viable countd @&wagar after 24 hours. The gentamicin
MICs for tested strains were as follows: 0.5 pg/@lpg/ml, and 64 pg/ml, for PAOL,
nonCF0038 and CF708, respectively. Several contoblepithelial cells viability were
prepared: (i) a negative control without any treatin (ii) a negative control with TC media;
(ii) a positive control with Triton-X100; (iv) 5.h after KTN4 treatment; (v) 1,5 h after strains
treatment. The Nuli-1 and CuFi-1 cells were stamét 8 uM Calcien AM (live staining) (Life
Technologies, NY, USA) and 3 uM propidium iodide)(flead staining) (Life Technologies,
NY, USA) according to manufacturer’s instructioNegative controls (untreated) and positive
controls (0.25% Triton-X100 treated) were inclugedhe experimental set up. After staining,
in all cases, filter inserts were XZ scanned usirgpnfocal microscope (Zeiss LSM 510 Meta
40x objective, Jena, Germany). No toxicity influeraf cell lines was noticed for phage and

bacteria samples.
Statistical analysis

The data were analyzed using the Statistica softwackage (StatSoft, Tulsa, OK, USA). All

the values were expressed as mean + SD and sagrtifitifferences between variations
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488 (denoted p-values < 0.05) were found by means e@fShedecor-Fisher test using one-way

489 ANOVA.
490 Galleriamdlondla larvae model

491 Theinvivo assay was conducted on a wax moth larvae modetding to the methodology
492 described previously (Olszak et al. 2015). Briellyyae were inoculated with 10 pl lethal dose
493  of bacterial cells established as follows: 10 CFBAO1 and nonCF0038 strains and OFU
494  of CF708 isolate per larvae. After injection inke tventral side of the last pair of pseudopods,
495 the larvae were incubated for 96 hours at 37°C.assessment of the antibacterial activity of
496 KTN4 phage, larvae were sequentially injected i@hul of bacterial suspension and 10 ul of
497 phage lysate at the titration equal to multipli@fyinfection (MOI) 100. The results were read
498 at 18, 24, 36, 48, 72 and 96 hours post injectimhwaere expressed as the percentage survival
499 rate assessed by macroscopic appearance. Exptsimene performed in triplicate (10 larvae
500 per trial). The controls consisted of uninfected kmvae receiving phage lysate only (negative)
501 and infected with bacterial lethal dose (positivid)e analysis of survival curves was performer
502 by log-rank Mantel-Cox test. P-values <0.05 wemsatered statistically significant. Statistical
503 analysis was performed using GraphPad Prism sdat{@raphPad Software, Inc., La Jolla,

504 USA).
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Tables and Figures

Table 1.Phage receptor identification &aeruginosa PAO1 mutants.

Fig 1. Protein-sharing network for KTN4. (A) A network regentation was produced using
the edge-weighted spring embedded layout of Cypesearsion 3.1.1. Nodes indicate phage
genomes and edges between two nodes indicatestatgtically weighted pairwise similarities
with phage-phage similarity scores®fl. There are 495 nodes and 6,948 edges in thimriet

(B) An enlarged view of the circle in Panel B. Vieduare the similarity scores estimated with
the hypergeometric equation shown in Materials methods. Edge thickness is proportional
to protein sequence identity, which is represemtdte legend box.

Fig. 2. The antibacterial effect of colistin against 244 biofilm formed on Nephrophane
membrane (A); the anti-biofilm effect of KTN4 phdgdistin treatment on 24, 48 and 72 h
PAOL1 biofilm formed on Nephrophane membrane: tenaiss evaluation by CV staining (B);
the level of pyocyanim growth medium (C); the fluorescence of pyoveridigrowth medium
(D). Untreated biofilm was used as control. Theultssare presented as the means + SD.
Statistical analysis was made by the ANOVA tesh@ded p-values).

Fig. 3. Laser interferometry analysis of TSB medium difeusthrough PAO1 biofilm treated
with phages. Untreated biofilm was used as confiioé results are presented as the means *
SD from three independent experiments.

Fig. 4. The 3D surface optical profile analysis of Nephrapé membrane (A); PAO1 biofilm
(B); PAO1 biofilm after KTN4 phage bacteriophageydalation (C) measured by ZETA-20
instrument.

Fig. 5. Phage KTN4 treatment &f. aeruginosa infected NuLi-1 and CuFi -1 epithelial cells.
(A) colony count of bacteria collected from apicahsh; (B) colony count of bacteria
internalized in epithelial cells. The results aregented as the means + SD. Statistical analysis

was made by the ANOVA test (denoted p-values).
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798 Fig. 6. Antibacterial activity of KTN4 phage (MOI 100) the treatment of infecte@alleria
799 larvae byPA strains. Positive control consisted of infectetlimtreated larvae and KTN4
800 control was larvae group receiving phage lysatg.dstlatistical analysis was calculated for
801 pair wise comparisons between infected larvae dage treated infected larvae using

802 Mantel-Cox test.

803

30



804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

Supporting information

Suppl. 1.Supplementary information of genome and proteonadyais of KTN4

Table S1.ESI-MS/MS analysis of denaturated phage particfeey &actionation on SDS-
PAGE gel.

Table S2. Phage activity comparison of fourteen differdPdeudomonas phages onP.
aeruginosa strains from Military Hospital NederoverheembeBk,ssels, Belgium collection
[Pirnay JP et al., 2002].

Table S3.The Nephrophane roughness (R) parameters measy@#EeTA-20.

Fig. S1.Transmission electron microscopic images of pH&agse4. The scale bar represents
100nm.

Fig S2.Alignments of KTN4 promoters. (A) Early promotef$ie 5’ ends of primer extension
products, which correspond to the transcriptiort sites, are located ~ 10 bp downstream from
the center of the core TATATTAC motif and are asast@d with an additional conserved 5’-
TG-3'motif. (B) Middle promoters. They are uniteg¢ bnly a weak AT-rich motif (5'-
AAanntTAC-3’; lowercase letters represent a lovestel of conservation) centered at position
24 with respect to the transcription start site (@)e promoters. No sequence conservation
upstream of 5’ ends of late transcripts could bteated apart from a 5-TATG-3' motif
overlapping the transcription start site. The cgpmding sequence logos are depicted below
the alignments. Pink bars delineate conserved premetements.

Fig S3 Phage KTN4 predicted terminators with palindrommesked blue.

Fig. S4.SDS-PAGE pattern of KTN4 structural proteome agfatage Ruler Prestained Protein
Ladder (Thermo Scientific) in first line. The cagp®nding molecular weight is mentioned left.
The numbered fractions on the right, correspondefoslices analyzed individually by ESI-

MS/MS. The proteins are mentioned in the slice Imclv they were most abundantly present.
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Fig. 2. The antibacterial effect of colistin against 24AR0R biofilm formed on Nephrophane

membrane (A); the anti-biofilm effect of KTN4 phdgaistin treatment on 24, 48 and 72 h

PAO1 biofilm formed on Nephrophane membrane: tioenaiss evaluation by CV staining (B);

the level of pyocyanim growth medium (C); the fluorescence of pyoveridigrowth medium

(D). Untreated biofilm was used as control. Theultssare presented as the means + SD.

Statistical analysis was made by the ANOVA tesh@ded p-values).

33



1.8
-o-PAO1 biofilm after treatment with KTN4 phage

-»-PAO1 biofilm after treatment with inactivated KTN4 phage_ =&
1.4] *PAO1 biofilm x L |

1.6
1.2 3
1.0 T A

0.8 - s

TSB x 10° [mg]

0.6 - y

0.4 ®

457

A

0.2 g" P

0-0 T T L] Ll L] Ll Ll Ll L] Ll Ll T T Ll L] L L] L] L L] T T L] L] L] T L] L] T
2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Time [min.]
847

848 Fig. 3. Laser interferometry analysis of TSB medium diftusthrough PAO1 biofilm treated
849 with phages. Untreated biofilm was used as confioé results are presented as the means +
850 SD from three independent experiments.
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853  Fig. 4.The 3D surface optical profile analysis of Nephrapé membrane (A); PAO1 biofilm
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855 instrument.
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869 Table 1.Phage receptor identification & aeruginosa PAO1 mutants.

Bacterial strain Phenotype Origin KTN4 | ¢KZ
PAO1 (ATCC Wwild type American Type Culturg  + +
15692) Collection
PAOL1 Pirnay Wild type with inactive| Military Hospital - -
type 1V pili Nederoverheembeek,
Brussels, Belgium, Dr.
Jean-Paul Pirnay
PAOL1 Krylov Wwild type Military Hospital + +
Nederoverheembeek,
Brussels, Belgium, Dr.
Jean-Paul Pirnay
PAO1 Armd (A-, Deficiency in D- Laboratory of + +
B+) rhamnose biosynthesisfFoodborne Zoonoses,
lack of A-band LPS Guelph, Canada,
Andrew M. Kropinski
PAO1 ArmLC (A-, | Deficiency in L- Laboratory of + +
B-, core-) rhamnose biosynthesisfFoodborne Zoonoses,
truncate core region, | Guelph, Canada,
lack of A-band and B-| Andrew M. Kropinski
band LPS
PAO1 Awaal (A-, | Lack of Waal ligating | Laboratory of + +
B-) O-polymer to core- Foodborne Zoonoses,
lipid A; LPS is devoid | Guelph, Canada,
of A-band and B-band, Andrew M. Kropinski
semirough (SR-LPS,
or core-plus-one O-
antigen)
PAO1 AwbpL (A-, | Lack of Laboratory of + +

B-)

glucosyltransferase
WhbpL essential for
initiation of both A-
band and B-band
synthesis

Foodborne Zoonoses,
Guelph, Canada,
Andrew M. Kropinski
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PAO1 AfliC AalgC | Lack of flagella; lack | Technical University
ApilA of AlgC required for | Hamburg, Germany,
A-band, core Max Schoébert
oligosaccharide, and
alginate biosynthesis;
lack of type IV pili
PAO1 AfliC wt Lack of flagella; lack | Technical University
algC ApilA of type IV pili Hamburg, Germany,
Max Schoébert
PAO1 AfliC wt Lack of flagella Technical University
algC wt pilA Hamburg, Germany,
Max Schobert
PAO1 wt fliC wt wild type Technical University
algC wt pilA Hamburg, Germany,
Max Schébert
870
871
872
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873 Supporting information

874

875 Fig. S1.Transmission electron microscopic images of phH&gR4. The scale bar represents
876 100nm.

877
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885
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888

A B
Downstream - Downstrean

ORF 45+
JRF 63 +
ORF 102 -
ORF 153 -
ORF 188 -

¢
Downstrean »

ORF 32
ORF 3%
ORF 71
JBF 5L+
ORF 103
RF 110
JF 111
ORF 15¢
JRF 183 +
JRF 271
ORF 24t

Fig S2.Alignments of KTN4 promoters. (A) Early promotef$ie 5’ ends of primer extension
products, which correspond to the transcriptiort sites, are located ~ 10 bp downstream from
the center of the core TATATTAC motif and are ass®el with an additional conserved 5'-
TG-3'motif. (B) Middle promoters. They are unite¢ bnly a weak AT-rich motif (5'-
AAanntTAC-3’; lowercase letters represent a lovesel of conservation) centered at position
24 with respect to the transcription start site (@)e promoters. No sequence conservation
upstream of 5’ ends of late transcripts could bteated apart from a 5-TATG-3' motif
overlapping the transcription start site. The cgpmnding sequence logos are depicted below

the alignments. Pink bars delineate conserved piremetements.
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KTN4
ORF
ORE
ORF
ORE

ORE

ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORE
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORFE
ORF
ORE

ORF
ORF
ORF
ORF
ORE
ORF
ORF
ORF
ORF
ORE
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORF
ORE

ORF
ORF
ORF
ORF
ORE

Terminators
4 + Erpin +
B + Both +
16 + Both +
18 Both +
a3 + Rnamotif
35 - Both —
41 + Both +
AF: Both +
44 — Both —
46 + Erpin +
48 + Erpin +
62 + Both +
55 + Both +
L Both +
58 — Both -
60 + Erpin +
67 + Both +
68 + Erpin +
70 + Both +
71 — Erpin -
73 + Both +
I7 0+ Both +
81 + Erpin +
x4 Both +
o8 + Both +
101 + Rnamotif
104 — Rnamotif
107 + Erpin +
109 + Both +
11 — Both -—
113 + Both +
120 + Both +
122 + Beth +
124 + Both +
136 + Both +
142 + Erpin +
150 + Rnamotif
151_1-= Rnamotif
151 2- Rnamotif
155 + Both +
159 + Both +
160 — Both -
164 + Erpin +
1es — Both -—
167 + Both +
a17g + Both +
180 + Rnamotif
182 + Both +
189 + Both +
190 — Erpin —
194 + Both +
197 + Both +
200 + Both +
201 - Both -
203 + EBEoth +
204 - Both -
209 - Erpin -
214 + Both +
215 = Both -—
218 — Rnamotif
221 + Both +
224 + Both +
227 + Both +
230 + Both +
238 Both +
239 + Rnamotif
241 + Both +
242 — Both -
245 = Both =
247 + Erpin +
249 + Erpin +
261 + Erpin +
263 + Both +
265 + Rnamotif
267 + Both +
269 + Erpin +
274 + Both +
276 + Both +
284 + Both +
285 + Both +
291 + Both +
282 = Both +
293 + Both +
296 + Both +
298 + Both +
306 + Both +
307 + Both +
313 + Both +
319 + Both +
322 BEoth +
329 + Both +
334 + Both +
342 + Both +
347 + Both +
348 + Both +
351 + Rnamotif
L - Both -
355 + Both +
356 — Rnamotif
a0 = Both =
358 - Both -
359 — Rnamotif
38D — Both —
363 - Both -
F6E — Both -
366 — Erpin —
368 — Both —

+

+

+

o

+

+

ACATAATAATA ARG TTATGTCATGTAT
TGGCGACATACACT SCCTCGGEGEAGGGCTTTATTTTCAATA
CACGCAATAATGGGAGTCTTCGGACTCCCTTTTATTTTCTA
AACGATATARATACCCTCCTTCGGGAGGGTATTTATTTTGTGA
GGCTATATGTCGTCAAGT T TAAGCTTGACTTTTTGCCCAAA
SGAACCACCTAGGGGGCTTTATAACGTCTT
SGGGA CTTTATGTTGTTA
SGAGGGCaTTATGTTTATTT
CAGGGCTTATGCTGTTAAG
GTAAATATAATGCCCTCTCCATAAGGAGAGGGCTTATGATGTATTT
ATGAACATATTGCC TAGGGGA TTTATGCTGAGTT
TAACTTATAATGGAGCCCTTCGGGGCTCCTTTTATTTTTTT
TCGAAAGAGTCCACCCTGGATGGGGTGTTATATTAACTG
CATAATGGGAGGGCATTATGTCTTTTT
AT TATGGGAGGGCTTATGCCATTAAG
TCCTTATGEGGEGGCTTTATACCGATTA
CATTATGGCTCCTTTTATGTTGTA

ATAARACATAATCC

TAAGARATATAGCCTCCCCTAGTGGGAGGCTTATATACTAAAL
CAATTTAGGAGGGGGTTTATGTCACATT

ACGGCATATAACCCCC
TGTGACATAMACCE
AAACTGATATAG
AAATAAATTAATAGGGGAGTTAGACTCCCCTATTATTTCTTTGA
TTAARATAARATGAGAGTCCCGTACAGGGGUTCTCTTCTATCGTTTAG
CACGGCATAAACCAGGGGGCCTAAGGGTCCCCTGGETTGCTTTAAAAC
GGCATAAATGAT TAGTTGGGAGGGATTATGCTTTTTT
GGAGAGGGGTCTGTCTTTATT
AATAATGACGAGGTGGARACTCCACCTTTCGTTCCTGA
GTAAACATATTGCCTCCCCTAGGGGAGGCTTTATGCTGATTA
CACATCATAARN GGAGGGTTTATTTCGTTAAC
TARCGAAATARACCCTCCCGTAATGGGAGGGTTTTATGATGTGTC
TACAACATAATGCC GGAGGGCTTATGACCTTATT
ACAAACATAATGAG GGGTTCCTCTTATGCTATGTAA
GACGACATATTGACGGGG AAGAGTCOCGTCTTATGTTAGGAG
ACAAACATAACGEGGEAGT 'TTTATGCTGTTAG
TAACTGATAATGGEGAGTICITCGGACTCCCTTTTATTTTCTA
ATAGAAARAAAACCACCCTATATAAGGGTGGTTTATARAAGAGGT
TGAATCGGATCGCCCCGTAGGGGUTTTTATTTCATA
AATCTACACTGT: AgTATGTATTAGCT
AAAGCATTTAAGCC
AACAGACATAGECCCTCCCTTC
TAAGCATGAAAGCC
TAAAGACATAGCCC
AACAACATAATGCC > SGGCTTATGACGTTAAC
TARCGTCATAAGCCCTCC ATGGGAGGGCaTTATGTTGTTTAG
ACCCGGCATAAGAGACACAGCCAAAAGCTETGTCTCTTTTTGCTGTTT
AARACTATAAAGCCTTCCTCTTCAAGAGGARGGCTTTATAATGCTAT

GCTTTATGTTGTAT

STTTATGCCATTAC

TAACAGCATAAGCCCTCTCCCARAAGGAGAGGGCaATTATGTCGTACCA
TACGACATAATGCCCTCTCCTTT GAGAGGGCTTATGCTGTTATC
TGCATAAATGAGAGAGGGCAAAGGCCCTCTCTTATATTAATCT
TTTTAATTTARAN SATC TTAAAGTGGATCCGCTATTATTTCGTCTTA

AACGACATATAGCC SGAGGGCgTTATGCACTTAAT
TGACAGCATAAGCCCTCCCATTACGGGAGGGCaTTATGTCTTTTT
AAAGACATAATGCCCTCCCGTAATGGCGAGGGCTTATGCTGTCATG

BAATCTATTAARGGAGL
TTGACATAAATGCC
CAATATAATAAGATCAGTGG CACTGGTCaTTTTTTATATTAA
ACGATATAATAGAGTCC \TTACGGGGACTCTTCTTTATAATT
TTCGGGAGAGGGTTTTATGTTTAA
CTCTTTTTGACGTAR

CCTTATTTTGTCAR
TTATTTCGTAT

CTCCTTTAATGTAATAG
SAGGGaTTATTTACTTATA
CTTAGTAGGAGGGTTTATATCGTCTCA
TGTTGTCATAAAGTCCCTCCH T GAGGGCTaTTGCACTAAATTT
TTTGAACAATAAGCCGTGTCTACACCGCTETTATTCCGTGTTT
TTCGAGGCATATACTCCATGACTTATCTTGTGGGGTATATGTGTTATAA
GTTTAATAS CTTAATGAGAGTC TTGCGTA
AAGACTGGGCAARAGACATTCTAARAGAGTGTTGG GCCCAGTCAaTCTTTTCTGCCGT
GTAARATAAATACCAGCCCTTC GGCTGGTTTATTTCATCTAG
AAGCATAAATAGGAGAGCTATTTAGCTCTCCTTTATTGCATTAA
TAACATAAAACGCCTCCCTTCGGGGAGGCTTTATTTTCCTT
AACAGTATATCGGEAGTCCATTTGGACTCCCTTTTATATCGTA
GATTGCATAAAGAGAGAGGATARATTCCTCTCTCTTTTTATGTTGT
TACCATAAATACCT S TTCGGGGAGGTTTTATATTGTG
TAAGAGCATARAAGE Jole T GEAGGGCTaTTGCACTAAATTT
TTGTATAATAAGAGCCCTTICGGGGCTCTTTCTATTTCGC
ACTTAATATACACCCTCCCTTCGGEGAGGGTLTTATTTATCTTTT
AGAAATAATTAGAGCACCTTCCGGTCCTCTTTTTAACCGAC
AAAGTCATAAR AGAG TTTTACATTAAA
GTTATTATATTGCCCTCCCATTGCGGGAGGGCTTATATTTTATT
ATTATGAAAATGGGGGTCTARAGACCCCCTATCTATTTAAT
ACGCCATAATGGCCTCCCTTCGGGGAGGCTTTTATATCCCT
ATGCTTAATTAGGGAGGGTAATACCT TTTTTATATAA
ATGGTATARTT O O CGGGAGEGCTTCTATTTCGTA
AATCTAATACATAARAGGGCTCTTCGGAGCCCTTTATTTTTTCTTTAT
CCAATGAGATACCCTCCCCTGATCGGEGAGGGTTTTTGACATCT
GGGAGGGCaTTATTTCGCTTAA

TTTATGCCGTAAT
GCTAGCTCTTATATTTATTT
GCTAGCTCTATGTTATCTTA
ETTTATCAGGTTAT
'TTATGTTGTTATG
TGTGTCTGAATGCCAGGGGTTTGCCACCCCTGGCTATATTATGTCA
CATATTCTAAAGAGTAGCTTCGGC TACTCTTTTATGTTGCCA
CCATATACTAGCCTCCCA GGGAGGTTTTATACTGTC
GACGATATATCGCCTCCCTTCGGGGAGGCTTTATATTTTTTT
TAGACATAATGAC T LAAT TG STTTATGCTAACAAT
TTAAGTGTATACA CTCCCTTAATTGGGAGGGTGTTATTCCCAATTT
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890 Fig S3 Phage KTN4 predicted terminators with palindrommesked blue.
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1946-19265
3569-3590
7171-7188
8763-8782
13835-13855
16500-16476
25158-25175
26845-26865
26865-26845
29290-29311
30981-30298
34542-34559
35551-35566
36537-36557
36557-36537
39035-35054
42000-42016
44397-4441%
45385-45406
45406-45385
48476-49495
53627-53646
55484-55504
65499-65522
72155-72176
73283-73304
75265-75251
79747-79764
82201-82220
82220-82201
86840-86859
96180-26200
99507-29530
103225-103244
111420-111437
113888-1133908
116426-116438
116550-116531
116704-116689
122002-122021
127450-127467
128196-128175
134466—-1324486
134486-134466
138555-138579
147015-147037
148547-148566
154331-154350
159606-159627
159627-159606
163817-163836
165695-165722
169233-169253
169264—-169530
172994-173014
173014-172994
175215-175195
179703-179723
179723-179703
183101-183080
126004-19296027
199116-199133
200478-200504
202265-202285
206302-206321
206931-206953
208132-208152
208152-208132
212979-212959
214043-214064
215669-215690
221747221768
222145-222162
223844-223869
224652-224673
225691-225733
227846-227865
228489-228508
233224-233241
234194-234213
236116-236138
236776-236791
237218-237239
2392090-239105
240277-240296
243758-243775
243954-243974
246626246646
249167-249184
250436-250453
252726-252743
254627-254944
259065-259088
263102-263122
263633-263652
265810-265831
265831-268510
267454-267478
267478-267454
268288-268268
268954-268934
269672-269650
270872-270855
272004-271987
273178-273161
275278-275257
276961-2795249
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100 | Band II: 37,114,124,155,159,163,164,166,181,244
70 | Band Ill: 36,39,73,125,220,222 242,365
——— Band\v 90122217
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e L Band VIII: 38,52,105,117,174,189,195,279,342,350
35 -
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o5 , | Band X: 48,89,185,216,241,248 346
| Band XI: 86,127,171,198,273.298
e -
L Band XII: 85,118,132,154,173,176,179,184,209,339,358
| Band XIlI: 104,197 230,243 269
15 -
| Band XIV: 1,67.84,93,112,161,167,196,228,240 262,296,352,354
10 | — | — —_

892

893 Fig. S4.SDS-PAGE pattern of KTN4 structural proteome agfafitage Ruler Prestained Protein
894 Ladder (Thermo Scientific) in first line. The caponding molecular weight is mentioned left.
895 The numbered fractions on the right, corresponddioslices analyzed individually by ESI-
896 MS/MS. The proteins are mentioned in the slice imclv they were most abundantly present.

897
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898

899 Table S1.ESI-MS/MS analysis of denaturated phage particfesy éractionation on SDS-
900 PAGE gel.

Num
ber . .
Molecular of Sequ| Identity with other
Ne | Protein Identified function Band | weight (DA) identi | N¢€ phages (BLASTP)
Ne . cover
fied
.| age _ _
SDS- | pepti phi | PhiP| 201ph| PA
MS | PAGE | des KZ | AK3| i2-1] 7
14| 14563. 35.66| 99
1|/gpl Uncharacterized protein 1873.80 8 3 %| %| 37%| 39%| -
62| 62330. 81.50 99 99
2| gp36 Structural head protein 340.10 1 26 %| %| 58%| 54%| %
106| 10640 55.70| 99
3| gp37 Structural head protein 311.10 1.1 32 %| %| 57%| 48%| -
36| 36675. 63.44| 100 99
4|gp38 Structural head protein 885.70 7 13 %| %| 49%| 44%| %
79| 79401. 78.78| 99 69% 98
5| gp39 Tail sheath protein 3$11.20 2 33 %| % 63%| %
32| 32548. 73.47| 100
6| gp40 Structural protein 9658.70 7 14 %| %| 73%| 76%| -
50| 50368. 60.20| 98 64% 98
7| gp44 Structural head protein 478.80 8 19 %| % 54%| %
30| 30143. 50.00; 99
8| gp47 Structural protein 953.60 6 9 %| %| 45%| 40%| -
29| 29846. 80.30| 98
9| gp48 Structural head protein 1956.50 5 7 %| % - - -
Chain A monomeric 36| 36457. 12.65| 99
10| gp52 subunit of Tubz 8567.20 2 2 %| %| 37%| 31%| -
Uncharacterized protein 30| 30505. 3244 99
11| gp58 91]615.90 9 6 %| %| 71%| 61%| -
15| 15390. 36.03| 98 98
12| gp67 Uncharacterized protein 1800.60 6 3 %| %| 46%| 44%| %
43| 43577. 51.92| 100 99
13| gp71 Structural head protein ©887.90 9 13 % | %| 55%]| 52%| %
. : 70| 70779. 33.01| 98 98
14| gp73 Uncharacterized protein 31889 30 3 14 %l %! 48% 41% %
16| 16314. 71.32] 99
15| gp84 Uncharacterized protein 1424.50 5 6 %| %| 37%| 31%| -
20| 20744. 55.68| 95 95
16| gp85 Uncharacterized protein 1854.40 4 7 %| % - -1 %
24| 23947. 21.14| 96 96
17| gp86 Uncharacterized protein 1057.30 3 3 %| %| 39%| 32%| %
28| 28852. 47.56| 100
18| gp89 Uncharacterized protein 1962.10 1 9 %| %| 55%| 53%| -
Non-virion DNA- 99 99
dependent RNA 60| 60417. 7.90 % %
19| gp90 polymerase subunit* 5527.30 3 2 % 58%| 50%
14| 14826. 70.83 10
20| gp93 Uncharacterized protein 1436.80 8 5 % - -| 36%| 0%
19| 18921. 33.13| 96 98
21|gpl04 | Uncharacterized prote|n 1331.70 7 4 %| % -| 26%| %
34| 34688. 63.60 99 99
22| gpl05 | Structural head proteir 898.90 9 12 %| %| 47%| 38%| %
B/p’-like virion- 50| 50724. 55.95/ 99 99
23| gpl06 |associated proteins B34.20 2 16 %| %| 65%| 56%| %
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54| 54685. 80.47| 99 99

24| gpl07 | Structural protein 6795.30 3 23 %| %| 37%| 31%| %
56 42.68| 97 98

25| gpl10 | Structural head proteirn 885.00, 56275 12 %| %| 85% -l %
47 64.16| 100

26| gplll | Structural head proteirn 327.00] 47217 19 %| %| 37%| 34%| -
17| 16982. 83.89| 99

27|gpll2 | Structural head proteirn 1d92.70 7 7 %| %| 35%| 33%| -
49 43.06| 99 99

28| gpll3 | Structural head proteirn 280.00| 49170 15 % | %| 25%| 26%| %
110| 11037 50.57| 99 5206 99

29| gpl14 | Structural protein 2487.40 7.4 30 %| %| 58% %
40| 40518. 28.53] 99

30| gpl1l5 | Structural protein 7628.10 1 7 %| %| 58%| 56%| -
44| 44304. 51.71) 98

31| gpl16 | Structural head proteir 414.80 8 14 %| %| 63%| 54%| -
36| 35904. 78.96| 100 49%

32| gp117 | Structural head protein 814.60 6 19 %| % 47%| -
21| 21476. 52.27| 99

33| gpl18 | Structural head proteir 1286.50 5 6 %| %| 53%| 51%| -
50| 50732. 50.00, 99 3506 99

34| gpl19 | Structural head proteir 842.60 6 17 %| %| 38% %
48| 48302. 44.03| 98 98

35| gpl20 | Structural head protein 412.40 4 16 %| %| 26% -l %
56 51.51 98 97

36| gpl21 | Structural head protein 840.00, 56830 16 %| %| 27%| 30%| %
59| 59082. 64.11 98 97

37| gpl22 | Structural head protein 492.20 2 26 %| % - -l %
42| 42442. 35.70| 99 34%

38| gpl23 | Structural head protein 352.20 2 11 %| % 28%)| -
89| 88902. 39.43] 97 99

39| gpl24 | Structural head protein @12.60 6 20 %| %| 31%| 29%| %
63| 63670. 13.76| 99

40| gp125 Uncharacterized protejn 380.40 4 6 %| %| 48%| 42%| -
55| 55182. 37.53] 99 59%

41| gp126 | Structural head proteir 292.40 4 12 %| % 54%| -
22| 22883. 25.93] 97 36%

42| gpl27 Uncharacterized protejn 1993.10 1 3 %| %| 47% -
52| 52452. 22.81 99 44%

43| gp128 | Structural protein 4562.30 3 7 %| % 42%| -
20| 20312. 29.01 99

44| gp132 Uncharacterized protejn 1222.20 2 3 %| %| 64%| 66%| -
21| 21008. 67.80| 100

45| gp154 | Structural head proteir 1218.50 5 8 %| %| 52%| 53%| -
83| 82934. 72.03] 98 98

46| gp155 Major head protein D44.70 7 27 %| %| 67%| 63%| %
81| 81213. 12.80| 98 43% 98

47| gp159 Uncharacterized protejn 223.90 9 7 %| % 34%| %
16| 16838. 43.45| 96 99

48| gpl161 | Structural protein 1448.80 8 4 %| % -| 35%| %
33| 33471. 38.19, 98 99

49| gpl162 | Structural protein %81.10 1 10 %| %| 40%| 36%| %
84| 84337. 38.23] 99 576 99

50| gp163 | Structural head protein 247.10 1 19 %| % 49%| %
100| 10034 33.75| 97

51| gpl64 | Structural protein 250.10 0.1 19 %| %| 56%| 55%| -
48| 48519. 37.94| 99

52| gpl165 | Structural protein 7629.30 3 11 %| %| 53%| 54%| -

45



85| 85058. 51.53| 97

53| gpl66 | Tail tip protein 2168.40 4 24 %| %| 41%| 38%| -
12| 12631. 54.72| 95

54| gpl67 | Structural protein 14741.90 9 5 %| %| 46%| 45%| -

53| 52964. 32.97| 99 40% 99

55| gpl68 | Structural protein 874.90 9 11 %| % 38%| %

51| 51519. 35.23| 99 28

56| gpl69 | Structural protein 829.20 2 10 %| %| 39%| 35%| %

52| 52684. 54.49| 98 25

57| gpl70 | Structural protein 6794.50 5 17 %| %| 47%| 38%| %
24| 24307. 100

58| gpl71 Uncharacterized protejn 1417.30 3 6| 42%| %| 36%| 35%| -
20| 19954. 22.22| 99

59| gpl73 Uncharacterized protejn 1364.30 3 3 %| %| 46%| 40%| -
33| 33714. 73.65/ 99

60| gpl74 | Structural protein 824.80 8 12 %| %| 70%| 66%| -
19| 19554. 12.80| 98

61|gpl76 | Structural protein 1564.70 7 2 %| %| 30% - -

20 43.43| 98 99

62| gpl79 | Structural protein 1%550.00, 20440 7 %| % 45%)  45% %

30| 30172. 46.03| 97 51

63|gp180 | Endolysin* 9282.90 9 8 %| %| 47%| 44%| %

Putative tail sheath 85 77.35 98 98

64|gpl81l | protein 2| 190.00, 85080 31 %| %| 55%| 41%| %

Putative tail fiber 116 11913 72.58| 97 97

65| gpl82 | protein 1/ 150.10 0 38 %| %| 36%| 28%| %
Uncharacterized protein 19 30.36) 98

66| gpl84 12|939.70, 18480 4 %| %| 25% -l -
B/p’-like virion- 26 63.84| 99

67|gpl85 |associated protein 1®98.10] 24640 11 %| %| 67%| 62%| -
55 14.46| 99

68| gp188 Uncharacterized prote|n 885.50] 52470 5 %| %| 80%| 70%| -
34 99

69| gpl89 | Structural head proteir 815.70] 33000 14| 89%| %| 32%| 28%| -
51 86.17| 99

70| gp194 | Structural head proteir 821.40] 48510 25 %| %| 58%| 53%| -

71| gp195 Uncharacterized protein 8 016.33% 34760 9 39'33 1(3/? 39%| 38%|

Uncharacterized protein 16 5224/ 99 99

72| gp196 14|784.10, 14740 3 %| %| 26% -l %
17 65.60 99

73|gpl197 | Structural protein 13896.10 17270 6 %| % - - -
Uncharacterized protein 24 66.99 99

74| gp198 10| 279.80] 22990 8 %| %| 46%| 42%| -
58 51.93| 99

75|gpl99 | Structural head proteirn 593.30, 56980 22 %| % - - -
44 60.10| 99

76| gp200 | Structural head proteir $12.30] 43010 16 %| %| 52%| 44%| -
Uncharacterized protein 20 22.48) 99

77| gp209 10| 225.00, 18590 3 %| %| 45%| 35%| -

41 73.01) 99 99

78| gp214 | Structural protein 7360.80, 38720 13 %| %| 41%]| 38%| %
31 64.07| 100

79| gp215 Head protease 928.10 29700 12 %| %| 60%| 56%| -

27 60.42| 100 10

80| gp216 | Structural head proteir 1850.00, 26400 9 %| %| 70%| 63%| 0%
61 72.99| 98

81| gp217 | Structural head proteir 570.50 56210 19 %| %| 48%| 41%| -
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B/p’-like virion- 167| 15851 51.56| 99

82| gp219 |associated protein 15516.50 0 51 %| %| 58%| 53%| -

B/p’-like virion- 63 49.63| 97 98

83| gp220 |associated protein 384.20, 59840 18 %| %)| 75%| 68%| %

Structural peptidoglycan 246| 24233 37.90| 98 98

84| gp221 |hydrolase 1430.90 0 62 %| %| 37%| 34%| %

77 37.42| 97 98

85| gp222 | Structural protein 3193.00| 71720 17 %| %| 64%]| 63%| %
Uncharacterized protein 13 24.221 100

86| gp228 14| 039.60] 11990 2 %| % - -l -
Thymidylate kinase* 40 49.15) 100

87| gp229 71994.40, 38720 12 %| %| 35%| 32%| -

Uncharacterized protein 30 18.77) 97 95

88| gp232 10| 790.70, 28710 3 %| % - -l %

89| gp239 Uncharacterized protein 13 305_12% 17600 3 23'07/(? ?J/? 46% a1%| -
17 19.58| 100

90| gp240 Structural protein 14149.40, 15730 2 %| %| 60%| 62%| -

Uncharacterized protein 25 38.36 99 98

91| gp241 10| 888.40, 24090 6 %| %| 43%| 36%| %

Structural protein 72 28.68 99 98

92| gp242 3|744.80, 70950 13 %| %| 34%| 28%| %

Structural protein 18 57.05 100 99

93| gp243 13|/071.50, 17160 4 %| % - -l %

. 83 37.45| 99 99

94| gp2aa | Structural protein 2(120.40| 76670, 23| | %| 2% 5106 %
Uncharacterized protein 29 10.17 100

95| gp248 10| 676.40, 25960 2 %| % -| 24%| -

Uncharacterized protein 10 24.64 97 97

96| gp262 14| 000.80, 7590 2 %| % - -l %

Structural protein L 35.04) 100 99

97| gp269 14| 955.30] 15070 4 %| %| 41%| 33%| %
Structural protein 23 20.60) 100

98| gp273 8.9|729.20, 21890 4 %| % - -l -
Uncharacterized protein 35 14.24/ 100

99| gp279 81239.80, 33220 2 %| % - -l -
. 58 5.94| 99

100/ gp2ga | | ymidylate synthase™| gl 514 o0 53gg0| 2| | %| 46| °0%|

Structural protein 15 50.85 99 98

101| gp296 14|184.00] 12980 4 %| %| 32% -l %
Uncharacterized protein 25 15.24 96

102| gp298 11|232.70, 23100 2 %| % - -l -

103| gp3gg | Yncharacterized protein 4, 495.23% 188100 3 19';? 12/? 579 /0 .

Uncharacterized protein 34 19.65 93 97

104| gp342 8]070.20, 31900 5 %| % - -l %

105| gp346 Uncharacterized protein ., 364.2560 23870 5 11'?/? 902 48%| 40% 90/2

Uncharacterized protein L 66.67) 88 97

106| gp352 14|830.30] 14190 8 %| % - -l %

Uncharacterized protein ! 32.76) 91 95

107| gp354 14| 495.30, 6380 2 %| % - -l %

Uncharacterized protein 21 16.09 63 63

108| gp358 12|849.80, 19140 2 %| %| 60%| 30%| %

Structural protein 37 ar.rs) 97 96

109| gp359 8]136.40, 36630 8 %| %| 53% -l %

Structural protein 72 45.23) 76 98

110| gp365 3|814.60, 68090 19 %| % - -l %

47



901
902
903

904

905

111

gp367

Ribonucleoside
reductase*

45
(827.80

41910

28.08
%

98
%

75%

64%

*enzymes non-associated with phage particles
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906 Table S2.Phage activity comparison of fourteen differBatudomonas phages of. aeruginosa strains from
907 Military Hospital Nederoverheembeek, Brussels, Retgcollection [Pirnay JP et al., 2002].

PA strains

LUZ24

LKAl
LIT1
LSL4
LMA2
LBL3

uS449

LMG14083

Bu007

PAO23

Aa 249

us448

PAO1 Krylov

Lo050

OIO|IN|O(O|BWIN|F-

uS450

Li004

Bel28

Lo053

ATCC 27853

Broo6

PhDW6

S0099

Aa 245

LMG5031

C17

C19

ILUZ7

Lo049

Br642

Li012

1s579

C

Lw1047

Br257

Br667

C18

LMG2107

Bu004

C1

PAO29

C13

Cc2

Aa 246

LMG14084

Br735

Mil62

SG17M

Pr335

1s580

Li009

Bel36

Is573

it

Bro0o8

TuD199

S0095

S0092

Br229

SG50M

PT31M
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908
909

910

54

Mil51

55

uS447

56

Bo548

57

Br680

58

PAG

Summary

Y

39

34

19

18

23

20

13

10

14

27

% of the tested strains

44

.67.2

58.6

32.7

31.0

39.7

121

34.5

22.4

17.2

24.1

46.6

grey box —active, white box — no activity.
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911 Table S3.The Nephrophane roughness (R) parameters measy#eTb20.

Probe [mean £ SD]
Markers Nephrophane Nephrophane covered by
Nephrophane covered by PAOL1 PAOL1 biofilm treated with
biofilm KTN4 phage
Ra 2.364 £ 0.2205 2.348 £ 0.3176 2.373+£0.3124
Rq 2.927 +0.3044 2.898 + 0.3526 2.990 + 0.403(
Rpv 16.11 £ 2.057 14.52 + 2.301 16.38 £ 2.435
Rp 8.591 + 1.312 8.156 + 1.337 8.496 + 1.762
Rv 7.515 £ 1.203 6.365 + 1.242 7.880 = 1.326
Rsk 0.0830 + 0.2324 0.3990 + 0.2897 0.1445 + 0.3906
912
913
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914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

Supplementary Results

Genome and proteome analysis of KTN4

Using high throughput sequencing by the IlluminaSkty platform, the complete genome
sequence was determined. KTN4 has a linear, cntgysermutated and terminally redundant,
A+T-rich (36,9% GC) double-stranded DNA molecul2g9593 bp). In total, 368 open reading
frames (ORFs) could be predicted, varying in sieenf36 to 2237 amino acid residues, as well
as six tRNAs (Leu (UUA), Pro (UUG), Met (CAU), A$GUC), Asn (GUU), Thr (UGU) . Of
these, 87 proteins have a predicted function. Atiogrto the orientation of transcription, ORFs
are organized into operons and most are on a pesittandThe KTN4 shows a genome-wide
nucleotide sequence similarity to: phiKZ 99%, PAI%Q phiPA3 84%, 201phi2-1 78%
(BLAST). As such, it can be defined as an isoldtthe Pseudomonas phage phiKZ species.
However, there are few significant differences. @ra of KTN4 lacks phiKZ gp24.1 (frame
shift caused by two deletions) and gp24.2 (pointation). In this position, there is a clear
sequence of gp34 KTN4 on a positive strand. AlsikKplhgp70.1 is absent, showing only
58,27% nucleotide sequence similarity to the KTNshame. Two genes (KTN4 gp93 and
gp94) show less than 60% nucleotide similarity hik@ genome and several genes have no
similarity (KTN4 gp23-26, gp30-32, gp75, gp286-28p:325, gp321). Finally, two additional
proteins were annotated, which are also presephiiZ genome and corrected according
phiKZ RNA-seq (KTN4 gpl14, 97.70% homology and gp®®,60% homology). None of these
genes have a predicted function. Based on phiKZ RNd analysis performed previously by
Ceyssens Pd al. (Ceyssens et al. 2014) and using the PISE EMB@3&htic program, 47
promoters were predicted for phage KTN4. Among th&trare early phage-specific promoters
with highly conserved, uni-directionally distribdte AT-rich intergenic motifs (5'-
TATATTAC-3’) (Fig. S2 A). Furthermore, less consative upstream (5-TTTaA-3’) and

downstream (5’-TG-3’) motifs were found. The midgemoters are located on both strands
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939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

and distributed throughout the whole genome. Theyliaked by only a weak AT-rich motif
(5-AAanntTAC-3’; lowercase letters represent a &wevel of conservation) centered at
position 24 with respect to the transcription stte (Fig. S2 B). For late transcription no
sequence conservation upstream of 5’ ends coultetexted apart from a 5’-TATG-3’ motif
overlapping the transcription start site (11 latenpoters) (Fig. S2 C). Using ARNOLD
software, 107 of putative factor-independent teators were predicted. Most potential stem-
loop transcription terminators contain the tetrdeottde UUCG loops (Fig. S3). Using ESI-
MS/MS analysis of proteins from denaturated phagégbes fractionated on SDS-PAGE, 111
gene products have been identified, among which Yivion-unrelated enzymes, 36 virion-
associated proteins and 70 structural gene produitts sequence coverages ranging between
5,94% to 89% (Fig S4, Table S1). The KTN4 strudtymateins were compared to their
homologues from phiKZ (NC _004629.1 from 2008 and39$011.1 from 2013), PA7
(JX233784.1), PhiPAK3 (HQ630627.1) and 201phi2-C(R10821.1) phages (BLASTP). As
expected, the highest similarity was found for phigtructural proteins, ranging from 63% to
100%, except for gp93, which was identical to PA/pdthetical protein (AFO71119.1).
Twenty two structural head proteins were identifleduding gp215 head protease identical to
phiKZ gp175 and a major head protein gp155 with $&%ilarity to phiKZ gp120 (Thomas et
al. 2012), The contractile tail of phiKZ, the clsseomologue to KTN4, is built from at least
32 different proteins, but a definitive structulahction was assigned to only two of them: the
tail sheath protein (KTN4gp39 versus phiKZ gp29] #re tail tip protein (KTN4 gp166 versus
phiKZ gp131). Tail tip protein is located at theripbery of the baseplate and possibly
associates with fibers that emanate from the batepin the ESI-MS/MS analysis two
additional proteins were identified gp181 (putatiai sheath protein) and gp182 (putative tail
fiber). The presence of tail associated enzyme fp@fuctural peptidoglycan hydrolase)

corresponded to gpl181 of phiKZ phage. This enzyie&ves the host cell wall during the first
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964 stage of the life cycle (Briers et al. 2008). Ia tientre of the phiKZ baseplate, there is a density
965 that resembles the needlelike “cell-puncturinggvice of T4, which is most likely composed
966 of gpl81l. Further analysis reveal gp52, that reprissa chain A of monomeric subunit of Tubz,
967 protein believed to be essential for the correctter@ng of replicated bacteriophage virions
968 within the bacterial host. Moreover, fopifi’-like virion-associated proteins in KNT4 phage
969 (gpl06, gpl85, gp219, and gp220) were assignechans-aanonical multi-subunit viral RNA
970 polymerase (RNAP) similar to phiKZ gp80, gpl149, 6®1gp180 (Ceyssens et al. 2014).
971 During ESI-MS/MS analysis we were not able to idgrany peptide corresponding to gp202
972 (phiKZ gpl164) and gp224 (phiKZ gp 184) (Ceysseral.e2014). Furthermore, the analysis of
973 phiKZ RNAP performed by (Yakunina et al. 2015) alexdl to identify five homologous
974  subunits in KTN4 genome, the products of early ghgenes. Four of these are cellular RNAP
975 subunits homologs of the non-virion set (nvRNAP):gb74, homologous to gp55 phiKzZ,
976 however shorter by 41 amino acids; 2) gp95 and @pBtKZ gp71 and gp73); phiKZ gp72, a
977 part of phiKZ subunit has no homologue in KTN4 gaeo 3) gp97 identical to gp74 phiKZ
978 and 4) gp158 identical to gp123 phiKZ. The fifthaait, gp90 identical to gp68 phiKZ, is a
979 protein of unknown function with no similarity tam&wn RNAP subunits or any other known
980 protein family. Gp74 and gp97 together correspanch$RNAP largest (bacteri@l) subunits
981 and gp95 and gp96 subunit corresponds to the Grtahmalf of MsRNAP second large$tif
982 bacteria) subunits. Gp158 is highly diverged homgadd the N-terminal half of the second
983 largest B in bacteria) mMsRNAP subunits. This complex inggttranscription from late
984 promoters in rifampicin-resistant manner, testeditro in phikKZ, which suggests that virus
985 relies on its own transcription machinery for theire infection process. However, the late
986 promoter 5-TATG-3' conserved motif is necessary faanscription by nvRNARN vitro
987 (Yakunina et al. 2015). The endolysin of KTN4 (gp18s highly identical (99%) to the

988 endolysin ofP. aeruginosa phiKZ gpl144. This endolysin is well studied botttts molecular,
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biochemical (Briers et al. 2007; Briers et al. 20Q8utier et al. 2010) and structural level
(Fokine et al. 2008). The consensus motifs for idegtycan binding (underlined) and the
catalytic residue (boxed) are fully conserved inNdTgp180.

The protein sharing network for jumbo phage KTNgrssented in Fig. 1. A resulting network
comprises 495 phages (nodes) belongingMyoviridae, Sphoviridae, Podoviridae, or
uncharacterized and other phages and 6,948 redhifm (edges) between them (Fig. 1A). In
this graph, phage KTN4 was placed in a single camapbwith five well-knowrPseudomonas
phiKZ-related phages including phiKZ, phiPA3, 20k, EL and OBP (Cornelissen et al.
2012), as well as phages phiJM-2012, SPN3US, OibphiEaH2, which was separated from
other components. When the network topology waspted with two classical measures such
as the clustering coefficient (CL) and betweenressgrality (BC) (Brohée et al. 2008), this
component shows the highest CL =1 (absolute cobesss) and the lowest BC = 0 (none of
node acting as a bridge among other pairs of nodieg network structure reflects the distinct
core gene-sets shared between their genomes (Jaing@13b), which form a tight-knit clique
of full interconnectivity. Next, the connectivityatiern of this component has been investigated
not only on the basis of protein sequence idestibat also according to phage-phage similarity
score after normalizing the number of shared gémedween genomes (Leplae et al. 2010)
(Lima-Mendez et al. 2008). As a result, over theeshold of 60% identity, phages KTN4,
phiKZ, phiPA3, and 201phi2-1 kept forming an in-gporelationship with phiKZ being the
closest relative to KTN4 (Fig. 1B). In addition, Ki#& was more closely related to phiKZ,
phiPA3, and 201phi2-1 with the phage-phage sintylascore ranging from 157.2 to 999.9,
indicating more shared homologous genes between than others. The othBseudomonas
phages including EL and OBP were connected fortigevalues less than 35% and similarity

score, 79.9. The phages phiEaH2, SPN3US, CR5,l@aiif2012, having different host ranges

55



1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

(i.e., Erwinia, Salmonella, Cronobacter, andVibrio sp., respectively), were weakly connected
to other phiKZ-related members in terms of bothreti@ene contents and sequence identity.
The genetic relationships of KTN4 have been ingaestid by constructing a mathematical
model of gene (protein)-sharing network, extendmgpossible close relatives. In our phage
population network, KTN4 is constricted to a singlelated component comprising the five
Pseudomonas phiKZ-related phages and other potential relativEsibsequent network
decomposition strongly indicates that KTN4 belotayshe “phiKZ-like viruses”, subdivision
of the phiKZ-related groups (Cornelissen et al. 20ith the large proportion of phiKzZ-
specific core gene-sets in common to the phiKZP@3i, and 201phi2-1. More specifically, the
connectivity patterns suggest that phiKZ appearsetdhe closest relative to KTN4 as their
protein families with more than 90% sequence idgwcfan be considered more recently shared
than those of other phage members in this groufaiiat al. 2010). In addition, our population
network can reveal other informative connectionise phages phiEaH2, SPN3US, and CR5
were found to interconnect solely with the phiKZated phages, indicating that they are
probably diverged member of the phiKZ-related graspbserved in phiJM-2012 (Jang et al.
2013b). These results suggest that the phiKZ-Ilhages’ diversity has not been fully delimited

and that there are additional more distant relatixet to be discovered.
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