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Abstract
Background  Pseudomonas aeruginosa is an opportunistic pathogen that causes a wide variety of infections, and 
belongs to the group of ESKAPE pathogens that are the leading cause of healthcare-associated infections and 
have high level of antibiotic resistance. The treatment of infections caused by antibiotic-resistant P. aeruginosa is 
challenging, which makes it a common target for phage therapy. The successful utilization of phage therapy requires 
a collection of well characterized phages.

Methods  Phage fMGyn-Pae01 was isolated from a commercial phage therapy cocktail. The phage morphology was 
studied by transmission electron microscopy and the host range was analyzed with a liquid culture method. The 
phage genome was sequenced and characterized, and the genome was compared to closest phage genomes. Phage 
resistant bacterial mutants were isolated and whole genome sequencing and motility, phage adsorption and biofilm 
formation assays were performed to the mutants and host bacterium.

Results  The genomic analysis revealed that fMGyn-Pae01 is a lytic, phiKZ-like jumbo phage with genome size of 
277.8 kb. No genes associated with lysogeny, bacterial virulence, or antibiotic resistance were identified. Phage 
fMGyn-Pae01 did not reduce biofilm formation of P. aeruginosa, suggesting that it may not be an optimal phage to be 
used in monophage therapy in conditions where biofilm formation is expected. Host range screening revealed that 
fMGyn-Pae01 has a wide host range among P. aeruginosa strains and its infection was not dependent on O-serotype. 
Whole genome sequencing of the host bacterium and phage resistant mutants revealed that the mutations had 
inactivated either a flagellar or rpoN gene, thereby preventing the biosynthesis of a functional flagellum. The lack 
of functional flagella was confirmed in motility assays. Additionally, fMGyn-Pae01 failed to adsorb on non-motile 
mutants indicating that the bacterial flagellum is the phage-binding receptor.

Conclusion  fMGyn-Pae01 is a phiKZ-like jumbo phage infecting P. aeruginosa. fMGyn-Pae01 uses the flagellum as 
its phage-binding receptor, supporting earlier suggestions that flagellum might be utilized by phiKZ but differs from 
some other previous findings showing that phiKZ-like phages use the type-IV pili as the phage-binding receptor.
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Background
Pseudomonas aeruginosa is a gram-negative, rod-shaped 
bacterium that causes opportunistic infections, includ-
ing pneumonia, bacteremia, surgical wound infections 
and burn wound infections, mainly in immunocompro-
mised patients [1–4]. P. aeruginosa is a member of the 
ESKAPE (Enterococcus faecium, Staphylococcus aureus, 
Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa and Enterobacter spp) group of 
pathogens. The members of this group are the leading 
cause of healthcare-associated infection and are highly 
antibiotic resistant [1, 5]. P. aeruginosa can bind to vari-
ous surfaces and form biofilms, which are usually more 
resistant to antibiotics than planktonic cells and tend to 
cause chronic infections [6–8]. Treatment of P. aerugi-
nosa infections has become increasingly difficult due to 
its rising resistance towards antibiotics, which makes P. 
aeruginosa a common target for phage therapy [9, 10].

Bacteriophages (phages) are viruses that infect bacte-
ria. Phages are categorized as lytic or temperate, with the 
latter group having both lytic and lysogenic life cycles. 
Phages can target any structural element on the bacte-
rial cell surface [11–13] that they can then use as a bind-
ing receptor. After adsorption to the receptor, the phage 
ejects its genome into the bacterial cell thereby starting 
its life cycle. In the lytic cycle, phages immediately start 
to replicate their genomes within the bacterium, express 
their structural proteins and assemble the new virus par-
ticles that are released to the environment via cell lysis 
that kills the host bacterium. In the lysogenic life cycle, 
the phage genome integrates as a prophage into the host 
chromosomal DNA and replicates along with it until 
the prophage is induced to enter the lytic cycle [13, 14]. 
Phages are natural predators of bacteria and bacteria are 
able to develop resistance against phages to ensure their 
own survival. Mutations affecting the phage-binding 
receptor are most common and these mutations prevent 
the phage from binding to the bacterial surface [15, 16].

Phages usually have relatively small genomes under 
200 kb. Phages with a genome size from 200 kb to 500 kb 
and > 500  kb are considered jumbo phages and mega 
phages, respectively [17, 18]. These phages usually have 
myovirus or siphovirus morphology and large cap-
sids that allow the phages to accommodate their large 
genomes [19, 20]. Due to their large size, jumbo and 
mega phages may multiply slower and diffuse shorter 
distances on soft agar than smaller phages, thus gener-
ating tiny plaques that may remain undetected in phage 
enrichments. Hence, relatively little research has been 
carried out on them. Compared to smaller phages, jumbo 
phages carry more genes participating in genome replica-
tion and nucleotide metabolism [21, 22].

The first jumbo phage was reported in 1978 when 
phiKZ, a P. aeruginosa infecting myovirus with a large 

genome and virion size, was first characterized [23]. 
PhiKZ and other related phages have dsDNA genomes 
of approximately 280  kb that contain around 300 pro-
tein-encoding open reading frames (ORFs). They typi-
cally have head diameters of 105–140  nm and tails of 
160–200 nm in length. PhiKZ-like phages have a special 
structure called the inner body (IB), a rod-like structure 
inside the capsid consisting of phage proteins, that has 
an important role during DNA packaging [24–26]. A dis-
tinct feature of phiKZ-like phages is the formation of a 
nucleus-like structure during the genome replication, 
which was first observed in Pseudomonas chlororaphis 
phage 201f2-1 [27]. The nuclear shell protein forming 
the structure is called chimallin (ChmA), the presence 
of which is a hallmark of the viral family Chimalliviridae 
[28].

In phage therapy, phages are used as alternatives to 
antibiotics in treating bacterial infections [29–31]. Phages 
used in phage therapy need to be strictly lytic and they 
should not carry genes encoding bacterial virulence-, 
toxicity- or antibiotic resistance-associated proteins [32, 
33]. Temperate phages should be avoided, as phage ther-
apy relies on phages to destroy the pathogenic bacteria 
and this feature is abolished with temperate phages turn-
ing to lysogenic growth cycle. In addition, prophages can 
potentially increase bacterial virulence [34].

When testing the sensitivity of Finnish clinical bacte-
rial strains to commercial phage cocktails from Russia 
and Georgia (unpublished data), we found that one cock-
tail was effective against a clinical P. aeruginosa strain to 
which we had no phages. In this study we isolated and 
characterized this P. aeruginosa infecting phage, fMGyn-
Pae01, from the cocktail. In addition, we demonstrated 
that phage fMGyn-Pae01 uses the P. aeruginosa flagellum 
as the phage-binding receptor.

Materials and methods
Bacterial strains, phage cocktail and phage isolation
All bacterial strains used in this work are presented in the 
Supplementary Table S1. Lysogeny Broth (LB) was used 
as growth medium. LB agar on 9 cm Petri dishes included 
additionally 1.5% agar and LB soft agar medium included 
additionally 0.3% agar. All bacteria and phage incubations 
were carried out at 37 °C [35].

fMGyn-Pae01 was isolated in 2019 from a commercial 
phage cocktail (MicroMir, Phagogyn, production date: 
September 02, 2016, expiration date: September 2018). 
A clinical P. aeruginosa strain (S6728) was used as the 
host strain (Supplementary Table S1). The phage cock-
tail was serially diluted to 10− 3 in LB and 50  µl of each 
dilution was incubated with the host strain overnight 
using the double-layer agar method. The host strain was 
grown in LB until the logarithmic phase was reached 
and the volume of bacteria mixed with 3 ml of soft agar 
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was calculated from equation µl = 45 ÷ A600, where A600 
was measured with Laxco DSM Cell Density Meter. This 
allowed formation of individual plaques on soft agar 
from which the phage was isolated using three rounds 
of plaque purification [35]. Phage titers in lysates were 
determined as plaque forming units (PFU)/ml based on 
dilution factor and number of plaques counted on plates.

fMGyn-Pae01 lysates were prepared using both semi-
confluent plates and liquid cultures. To collect the phages 
from semiconfluent soft agar, 3  ml of SMG-buffer (100 
mM NaCl, 10mM MgSO4, 50 mM Tris-HCl, pH 7.5, 
0.01% (w/v) gelatin) was added to plates and incubated 
for 1–2  h at room temperature. The soft agar released 
to SMG buffer was collected and for each 3  ml of the 
obtained lysate 200 µl of chloroform was added and incu-
bated at room temperature for 20 min by gently turning 
the tube up and down. The lysate was centrifuged at 3000 
× g for 10 min or until supernatant was clear. The super-
natant was filtered through a 0.2  μm filter. Sucrose was 
added to 8%. For lysates prepared from liquid cultures, 
20  µl phage suspension and 200  µl of overnight culture 
of host bacteria were added to 5  ml LB and incubated 
at 37  °C with vigorous agitation for 5  h or until lysis 
occurred. The lysate was then treated with chloroform, 
centrifuged, filtered and sucrose was added as mentioned 
above. Phage titers of 2 × 1011 PFU/ml and 6 × 109 PFU/
ml were typically obtained with semiconfluent plates and 
liquid culture, respectively. Filtered phage lysate in LB 
was used for the assays unless otherwise stated.

Electron microscopy
For electron microscopy, phage fMGyn-Pae01 was puri-
fied with ultrafiltration (Sartorius Vivaspin 300,000 
MWCO ultrafiltration tubes) as described earlier [36] 
and LB was changed to 0.1 M ammonium acetate, pH 7, 
using the same column. The obtained phage preparation 
contained 9.4 × 1010 PFU/ml. A 3 µl aliquot of the phage 
preparation was transferred to a carbon-coated cop-
per grid and allowed to absorb for one minute. The grid 
was stained with 2% uranyl acetate for 30 s. The sample 
was then examined with a transmission electron micro-
scope (JEOL JEM-1400, Tokyo, Japan) under 80 kV at the 
Electron Microscopy Unit (Institute of Biotechnology, 
University of Helsinki, Helsinki, Finland). Pictures were 
taken using Gatan Orius SC 1000B bottom-mounted 
Charged Coupled Device (CCD)-camera (Gatan Inc., 
Pleasanton, CA, USA). Ten virions with contracted, and 
ten with non-contracted tails, were measured to deter-
mine the size and morphology of fMGyn-Pae01. ImageJ 
(release 1.52o) [37] was used for the measurements.

DNA isolation and genome analysis
Phage DNA was isolated by phenol-chloroform extrac-
tion [35] and sequenced by Illumina HiSeq (2 ×x 150 bp) 

at Eurofins GATC Biotech. For de novo assembly of the 
genome, a 100,000-read subset was made from the orig-
inal reads using Chipster [38] at IT Center for Science, 
Finland (CSC) and used for assembly with A5-miseq [39] 
(version 0.7.5a-r405) integrated pipeline for the de novo 
assembly of microbial genomes. PhageTerm [40] (version 
May 14, 2021) was used to predict the genome termini 
and the packaging method of the phage. The assembly 
was verified by mapping all the 19,153,760 original reads 
against the final genomic sequence with Geneious Prime® 
(release 2022.1.1). Preliminary annotation was carried out 
with Prokka [41] (- v1.14.5 at KBase) and the final anno-
tation was performed manually with BLASTp [42] (ver-
sions BLAST + 2.13.0 and BLAST + 2.14.0) and HHpred 
[43] (version 57c8707149031cc9f8edceba362c71a3762b-
dbf8). The genome was managed with Geneious Prime® 
(release 2023.2.1) (https://www.geneious.com). The 
genome was screened for tRNA genes (tRNAscan-SE 
version 2.0 [44], Aragorn version v1.2.38 [45]), virulence 
genes (VirulenceFinder version 2.0 [46]) and antibiotic 
resistance genes (ResFinder version 3.1 [47]). All the bio-
informatic tools were applied using standard parameters.

The annotated genomic sequence of fMGyn-Pae01 was 
deposited in NCBI GenBank under the accession number 
OR228460.1.

26 closest relatives of fMGyn-Pae01 were identi-
fied with Nucleotide BLAST analysis and used for con-
struction of a phylogeny tree and a genome similarity 
heatmap. Phylogeny analysis was conducted with the 
VICTOR Virus Classification and Tree Building Online 
Resource [48] (https://victor.dsmz.de, accessed 21 ​F​e​b​r​
u​a​r​y 2024) using the Genome-BLAST Distance Phylog-
eny (GBDP) method [49] under settings recommended 
for prokaryotic viruses [48]. The resulting intergenomic 
distances were used to infer a balanced minimum evo-
lution tree with branch support via FASTME including 
Subtree Pruning and Regrafting (SPR) postprocessing 
[50] for the formula D0. Branch support was inferred 
from 100 pseudo-bootstrap replicates each. Trees were 
rooted at the midpoint [51] and visualized with ggtree 
[52]. Taxon boundaries at the species, genus and fam-
ily level were estimated with the OPTSIL program [53], 
the recommended clustering thresholds [49] and an F 
value (fraction of links required for cluster fusion) of 0.5 
[54]. The phylogenomic tree results as well as sugges-
tions for the classification at the species, genus and fam-
ily level were all obtained directly from VICTOR and do 
not necessarily reflect actual ICTV taxonomy. A genome 
similarity heatmap was generated using the VIRIDIC 
program (version v1.1) [55]. To create a three-phage 
genome-wide comparison, GFF3-files were downloaded 
from GenBank for phages fMGyn-Pae01 (OR228460.1), 
phiKZ (NC_004629.1) and OMKO1 (ON631220.1) and 
converted to BED-files in Galaxy Europe web platform 

https://www.geneious.com
https://victor.dsmz.de


Page 4 of 12Ranta et al. Virology Journal           (2025) 22:55 

(UseGalaxy.eu, Galaxy Version 1.0.1) [56]. The FASTA-
files and BED-files were used to create an alignment 
with DiGAlign [57] (version 2.0). The start position of 
OMKO1 genome was adjusted to that of fMGyn-Pae01 
and phiKZ for illustration purposes. The presence of 21 
ORFs belonging to Chimalliviridae core genome and 
being present only in phages having chimallin [28] was 
verified with BLASTp (version + 2.16.0).

Host range assay
fMGyn-Pae01 host range was tested on 142 bacterial 
strains, including 101 P. aeruginosa, 4 Pseudomonas 
putida, 10 Escherichia coli, 10 Klebsiella pneumoniae, 10 
Salmonella typhimurium and 7 Proteus mirabilis strains 
(Supplementary Table S1). The host range screening was 
performed with a liquid culture method as previously 
described with small alterations [58]. Briefly, bacterial 
overnight cultures were diluted 1:500 in LB except for 
P. aeruginosa and P. putida that were diluted 1:40 in LB. 
10 µl of phage lysate (1 × 109 PFU/ml) and 190 µl diluted 
bacterial suspension were pipetted into the Honey-
comb2-plate (Growth Curves AB Ltd) wells, correspond-
ing to MOI (multiplicity of infection) of approximately 
0.4 for P. aeruginosa and P. putida and approximately 3 
for the rest of the strains. A negative control containing 
bacteria but no phage, a positive control with P. aerugi-
nosa S6728 host strain and phage, and a blank control 
containing only LB were included to each plate. The 
samples were analyzed as duplicates. The assay was per-
formed with Bioscreen C analyzer (Growth Curves AB 
Ltd, Finland) absorbance plate reader. The results were 
analyzed as previously described at the 10  h timepoint 
[58]. The blank was subtracted from all samples and the 
mean was calculated from the two parallel samples. The 
phage was considered to efficiently infect a given bacte-
rial strain if the absorbance of the culture containing 
phage and bacteria was < 50% of the negative control con-
taining bacteria but no phage. The phage was considered 
to infect with low efficiency if the culture absorbance was 
50–70% of the negative control and to not infect a given 
bacterial strain if the culture absorbance was > 70% of the 
negative control.

Isolation of phage resistant mutants
Phage resistant bacterial mutants were isolated by incu-
bating 50 µl of host strain culture (OD600 ∼0.5) with 20 µl 
fMGyn-Pae01 (6 × 109 PFU/ml) in 5 ml LB at 37 °C with 
vigorous agitation and continued after the culture lysis 
until new bacterial growth emerged. Samples from the 
culture were plated on LB agar and incubated at 37  °C 
overnight. Morphologically different single colonies 
were selected, and the bacterial isolates were purified 
from residual phage particles by making three sequential 
pure cultures of each bacterial strain. The resistance of 

the selected clones to fMGyn-Pae01 was confirmed with 
the same liquid culture method used in the host range 
screening assay.

Bacterial DNA extraction, sequencing, and genome 
analysis
Bacterial DNA was extracted from P. aeruginosa 
host strain (S6728) and the phage resistant mutants 
(S6728-M5, S6728-M7, S6728-M8, S6728-M9 and 
S6728-M10) using the Invitrogen Jetflex Genomic puri-
fication kit. The whole genome sequencing (WGS) of 
the genomic DNA was performed at Novogene UK. 
The DNA libraries were sequenced using the Illumina 
paired-end 150 sequencing platform NovaSeq PE150. 
The trimmed and cleaned raw reads were obtained from 
Novogene and used for bioinformatics analyses.

Altogether approximately 12.6, 11.0, 14.2, 12.2, 
11.4, and 11.4  million reads were received for S6728, 
S6728-M5, S6728-M7, S6728-M8, S6728-M9, and 
S6728-M10, respectively. Two million sequencing reads 
of the wild type strain S6728 were de novo -assembled 
using the Geneious assembler (Geneious Prime vs. 
2023.2.1) resulting in 1342 contigs, 48 of which were lon-
ger than 3  kb, with a total sequence length of 6.91 mb. 
These contigs were used as reference sequences against 
which all the sequence reads of the phage resistant 
mutants were mapped using the Geneious assembler. All 
the SNPs, insertions and deletions against the 48 contigs 
were identified for each mutant. Those differences that 
were not common to all mutant strains were regarded 
as mutations occurring in genes that were the plausible 
causes for the phage resistance. The corresponding genes 
were identified from the P. aeruginosa strain 2021CK-
01494 genome (GenBank acc no CP124669).

The raw reads of the P. aeruginosa host stain and of the 
fMGyn-Pae01 resistant mutants were deposited in NCBI 
Sequence Read Archive (SRA) under the BioProject 
accession number PRJNA1095914 (Supplementary Table 
S2).

Motility assay
5 µl of overnight bacterial culture was inoculated into LB 
soft agar (0.4%) plates and incubated overnight. The assay 
was performed as triplicate for each bacterial strain. The 
diameter of each colony was measured from three differ-
ent directions. The means and standard deviations were 
calculated with OriginPro 2021b (OriginLab Corpora-
tion, Northampton, MA, USA) using the three measure-
ment results of all three parallel colonies. Paired-Sample 
t-Test was used to calculate standard deviations.

Phage adsorption assay
Phage adsorption assay was performed to determine 
whether the mutations in fMGyn-Pae01 resistant strains 
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affected phage-binding receptors. The host strain and 
phage resistant mutants were grown until OD600 ∼1.0. 
Then, 3.2 × 107 PFU of fMGyn-Pae01 was mixed with 
500  µl of bacteria, corresponding to MOI of approxi-
mately 0.1. The suspension was incubated at room tem-
perature for 10  min after which the suspension was 
centrifuged at 13,000 × g for 3 min at room temperature, 
and the supernatant was recovered. The supernatant was 
treated with chloroform (300 µl, 15 min), centrifuged as 
previously, and the phage titer of unabsorbed phages in 
the supernatant was determined. The titrations were per-
formed in triplicates. LB was used as an adsorption-free 
control without bacteria.

Biofilm assay
Formation of biofilm was tested for S6728 and fMGyn-
Pae01 resistant mutants with and without phage fMGyn-
Pae01. Five ml of overnight bacterial culture in Tryptic 
Soy Broth (TSB, VWR Chemicals) was diluted 1:100 in 
TSB with 25% bovine plasma (Biowest). Then, 160 µl ali-
quots of this diluted bacterial suspension were pipetted 
into 96-wellplate wells. To the wells in which the ability of 
phages to prevent biofilm formation was tested, 10 µl of 
1 × 108 PFU/ml fMGyn-Pae01 was added before incuba-
tion. The assay was performed with six parallel samples. 
Negative controls without bacteria were also included. 
The plate was covered with parafilm and a lid, and incu-
bated at 37  °C at 30–40 rpm for 48 h. After incubation, 

the liquid was carefully removed and 50 µl of 0.3% crys-
tal violet was pipetted into the wells and incubated for 
10  min. The excess crystal violet was removed, and the 
wells were washed four times with 200  µl H2O or until 
no more crystal violet was present in the wash. 200 µl of 
95% EtOH was pipetted into the wells and incubated for 
5  min. 1:10 dilutions in 95% EtOH were then prepared 
from the samples and 200 µl of each dilution was pipet-
ted in triplicate to a fresh 96-well plate. The absorbance 
was measured at 540 nm using Hidex Sense Microplate 
Reader (Hidex, Turku, Finland).

Results and discussion
Phage isolation and morphology
fMGyn-Pae01 was isolated from a commercial phage 
cocktail. Based on electron microscopy analysis phage 
fMGyn-Pae01 showed an icosahedral head and a contrac-
tile tail (Fig.  1). The measurements of a contracted and 
non-contracted fMGyn-Pae01 virion are presented in 
Table  1. The electron microscopy findings revealed that 
fMGyn-Pae01 had myovirus morphology with dimen-
sions characteristic of jumbo phages [59].

fMGyn-Pae01 is a phiKZ-like Jumbo phage
De novo assembly of fMGyn-Pae01 Illumina reads 
resulted to a single contiq of 277,803 bp genome encod-
ing 358 predicted genes. The read coverage was 21.14 ×, 
and verification of the assembly by mapping all original 

Table 1  Contracted and non-contracted virions were measured to determine the dimensions (nm) of the fMGyn-Pae01 virion
Tail status Head to tail Tail sheath length

(w/o baseplate and neck)
Tail sheath width Head length Head width

Non-contracted 298.91
(SD 7.56)

146.42
(SD 14.72)

31.87
(SD 1.72)

122.75
(SD 7.64)

123.64
(SD 6.10)

Contracted 226.42
(SD 10.97)
(w/o tail tube)

74.50
(SD 6.24)

38.12
(SD 2.97)

122.76
(SD 7.03)

120.86
(SD 4.92)

Fig. 1  Transmission electron micrograph of fMGyn-Pae01. A purified phage sample was stained with 2% uranyl acetate and examined with a transmis-
sion electron microscope. Virions with non-contracted (A) and contracted (B) tails are shown. The morphology and the size of the virion was characteristic 
of myoviruses and jumbo phages
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reads to the assembled genome with approx. 7,900 read 
coverage did not reveal any mistakes in the sequence. 
Due to the large genome size, fMGyn-Pae01 is considered 
a jumbo phage. PhageTerm analysis did not identify dis-
tinct genome termini or packaging system. The prelimi-
nary analysis showed that fMGyn-Pae01 was similar to 
phiKZ, therefore, the reference genome of PhiKZ (Gen-
Bank acc no NC004629) was used to identify the genome 
start point. Genome CG-content was 36.9%. While 32 of 
the genes were predicted to code virion structural pro-
teins, another 32 gene products were predicted to have 
functions in replication, recombination, repair, transla-
tion and transcription. Finally, 294 gene products were 
annotated as hypothetical proteins with unknown func-
tion. tRNAscan identified 7 tRNAs (Thr, Asn, Asn, Asp, 
Met, Leu, Pro) located between bp 265,166–270,956 of 
the genome.

VirulenceFinder and ResFinder did not identify any 
known gene products similar to virulence-, toxicity- or 
antibiotic resistance-associated proteins. Additionally, no 
genes encoding lysogeny-associated proteins were identi-
fied and therefore fMGyn-Pae01 meets the current safety 
requirements for therapeutic phages and is hence consid-
ered suitable for phage therapy. This result was expected 

since the phage was isolated from a product intended for 
phage therapy.

A comparison of fMGyn-Pae01 genome to 26 closest 
phage genomes using VIRIDIC showed that the sequence 
identity was over 93% for the 23 closest genomes 
(Fig. 2A). The phylogeny tree generated by VICTOR (dis-
tance formula D0) showed that phages with the highest 
sequence identity based on VIRIDIC analysis, clustered 
together (Fig. 2B). All 26 closest phage genomes belong 
to Pseudomonas -specific jumbo phages that belong to 
order Caudoviricetes, of which the 23 closest ones cluster 
together. The closest relatives of fMGyn-Pae01 have been 
classified to family Chimalliviridae and genus Phikzvi-
rus that contains three lytic Pseudomonas jumbo phages 
[60–62].

Prichard et al. (2023) identified 72 genes forming a 
core genome in chimallin-encoding phages, 21 out of 
which can only be found in phages encoding the chimal-
lin protein. They suggested that this set of genes is likely 
to encode the proteins that form the phage nucleus, 
even though chimallin is the only protein whose func-
tion is currently known [28]. Out of these 21 genes, 20 
are found in the phiKZ genome. When comparing these 
phiKZ gene products to fMGyn-Pae01, all 20 were found 

Fig. 2  Heat map and phylogeny tree of fMGyn-Pae01 and 26 closest relatives based on nucleotide BLAST. (A) VIRIDIC heat map based on intergenomic 
similarities between fMGyn-Pae01 and closest relatives. (B) Phylogenetic tree using the distance formula D0, generated by VICTOR. fMGyn-Pae01 indicted 
with red box
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to be present in fMGyn-Pae01 with at least 95% amino 
acid identity to their phiKZ homologs (Table S3). It 
seems thus very likely that fMGyn-Pae01 forms the phage 
nucleus during its replication and should be considered 
as a member of Chimalliviridae family.

To carry out more detailed genomic comparison to 
closely related phages, a three-phage alignment between 
fMGyn-Pae01 (OR228460.1), phiKZ (NC_004629.1) and 
OMKO1 (ON631220.1) was performed with DiGAling. 
The three genomes align for their whole lengths (Fig. 3), 
the main differences being small insertions / deletions in 
genes coding for hypothetical proteins (not shown). The 
overall genomic identities in BLASTN between fMGyn-
Pae01 and phiKZ and OMKO1 were 98.47% and 99.49%, 
respectively, indicating that the three phages should be 
regarded as strains of a single species.

fMGyn-Pae01 has a wide host range
To determine the host range of fMGyn-Pae01, the 
infectivity of the phage was tested against 142 bacterial 
strains. Of the 101 P. aeruginosa strains used in the host 
range assay, fMGyn-Pae01 infected efficiently 43 strains 
(43%) and with low efficiency another 7 strains (7%) 
(Supplementary Table S1). Serotyping of P. aeruginosa is 
based on differences among the lipopolysaccharide (LPS) 
O-antigen side chains. The P. aeruginosa strains used in 

the assay included the 20 IATS (International Antigen 
Typing Scheme) O-serotype reference strains and four 
defined LPS mutants. fMGyn-Pae01 infected efficiently 8 
of the 20 IATS-strains and one strain with low efficiency. 
It also infected the LPS-mutants missing either the 
O-specific (OSA) or the common polysaccharide (CPA) 
antigen (strains 6725 and 6726, Supplementary Table S1), 
but not the rmlC and wbpL mutants that miss both OSA 
and CPA. These findings indicate that fMGyn-Pae01 has 
a broad host range, and that the phage sensitivity is not 
dependent of the O-serotype of the strain. A broad host 
range is desirable for phages considered for phage ther-
apy. fMGyn-Pae01 did not infect any of the other bacte-
rial species except P. aeruginosa used in the host range 
assay.

fMGyn-Pae01 utilizes the bacterial flagellum as its receptor
As fMGyn-Pae01 infection was not dependent on O-sero-
type, to identify the phage receptor, five fMGyn-Pae01 
resistant mutants (S6728-M5, -M7, -M8, -M9, -M10) 
were isolated and subjected to WGS. All mutant strains 
had genomic changes that differed from the wild type 
strain S6728 (Table 2). Mutants S6728-M5 and S6728-M7 
both had a 25 bp deletion affecting the flagellar flgK-gene 
and were genetically identical. S6728-M9 and S6728-M10 
also had mutations affecting the flagellum biosynthesis. 

Table 2  Mutations leading to fMGyn-Pae01 resistance
Mutant Gene mutation Explanation Reference
S6728-M5 flgK 25 bp deletion Hook-filament junction Erhardt and Huges 2010 [83]
S6728-M7 flgK 25 bp deletion Hook-filament junction Erhardt and Huges 2010 [83]
S6728-M8 rpoN R403W substitution (corresponds to R383 of RpoN in Klebsiella pneu-

moniae, see Xiao et al. 2009 [84])
Sigma factor RpoN. 
Regulates motility

Xiao et al. 2009 [84], Francke 
et al. 2011 [63]

S6728-M9 fliC 111 bp deletion Flagellin Erhardt and Huges 2010 [83]
S6728-M10 fliE A 3 bp substitution changes the TGA stop codon of fliE to CTC. 

Extending the C-terminus by pentapeptide LAARG*
Flagellum rod anchor Hendriksen et al. 2021 [85]

Fig. 3  Whole-genome alignment of fMGyn-Pae01 (OR228460.1), phiKZ (NC_004629.1) and OMKO1 (ON631220.1). The alignment was performed with 
DiGAlign [57]. The start-site of OMKO1 genome was adjusted to fMGyn-Pae01 and phiKZ for illustration purposes, and the original start-site in the Gen-
Bank sequence is indicated in red
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S6728-M9 had a 111  bp deletion affecting the fliC gene 
and S6728-M10 had a 3 bp substitution affecting the stop 
codon of fliE. S6728-M8 had a single amino acid substi-
tution in the gene encoding RpoN (sigma factor 54) that 
has a vital role in regulating traits like nitrogen metabo-
lism, motility and biofilm formation [63, 64].

The motility of the wild type strain and the fMGyn-
Pae01 resistant mutants was measured on soft agar 
plates. All phage resistant mutants showed significantly 
decreased motility compared to the wild type strain 
(Fig.  4 and Supplementary Table S4). The results of the 
motility assay confirmed the WGS results indicating 
that mutations affecting flagellar biosynthesis prevented 
expression of functional flagellum and hence affected 
motility of the strains. The single amino acid substitution 
of RpoN also decreased motility. It is likely, that this sub-
stitution inhibits the binding of RpoN to the promoter 
elements and hence affects the transcription of the fla-
gellar genes. RpoN is a positive regulator of flagellin gene 
expression and hence essential for the expression func-
tional flagellae [63, 65].

Adsorption of fMGyn-Pae01 to host strain S6728 and 
phage resistant bacterial mutants S6728-M5, S6728-M7, 
S6728-M8, S6728-M9 and S6728-M10 was determined to 
clarify whether the mutations affected the phage recep-
tors (Fig. 5). fMGyn-Pae01 successfully adsorbed to host 
strain but was not able to adsorb to any of the phage 
resistant strains, indicating that fMGyn-Pae01 uses the 
bacterial flagellum as phage receptor to initiate infection. 
This finding is supported by earlier studies showing that 
phiKZ-like phages have one distinct DNA injection site 
close to the cell pole, which has led to suggestion that 
these phages might use a polarly localized receptor such 
as flagellum as their receptor [66] and a preprint by Li 
et al. (2022) showing that flagellum is needed for phiKZ 
attachment [67]. On the other hand, some PhiKZ-like 
phages have previously been identified to be type-IV pili 
dependent [68] and the infection of OMKO1 was shown 
to be inhibited in a DoprM knockout mutant, which led 
to hypothesis that outer membrane porin M (OprM) may 
be the phage receptor [69]. However, even though OprM 
was shown to be needed for OMKO1 infection, the 
authors did not perform an adsorption assay to analyze if 
also phage adsorption was abolished in the DoprM strain. 
As tail fiber proteins of fMGyn-Pae01 and OMKO1 are 
100% identical (not shown), it is likely that flagellum is 
the primary attachment receptor for OMKO1 as well. To 
date, there are only few published studies showing that 
jumbo phages or P. aeruginosa specific phages would 
bind to the bacterial flagellum. A review by Esteves and 
Scharf in 2022 [70] summarizes that flagellotropic phages 
infect both gram-negative and gram-positive bacteria. 
In their review, the only flagellotropic jumbo phages 
were PBS1 infecting Bacillus subtilis and FCbK infecting 
Caulobacter crescentus. Only one P. aeruginosa specific 
phage, phiCTX having a 35.6 kb genome, was identified 
to use the bacterial flagellum as its binding receptor [71–
74]. Furthermore, at least one flagellotropic jumbo phage 
infecting Klebsiella aerogenes has been identified after 
the review by Esteves and Scharf was published [75]. In 

Fig. 5  Adsorption of fMGyn-Pae01 to wild type P. aeruginosa strain and to 
phage resistant mutants. Shown are the titers of non-adsorbed phages in 
the supernatants after incubation with the bacterial strains. LB indicates 
an adsorption-free control without bacteria. fMGyn-Pae01 successfully ad-
sorbed on host strain S6728 but not to the phage resistant mutants. Calcu-
lations and visualization were performed with OriginPro 2021b (OriginLab 
Corporation, Northampton, MA, USA)

 

Fig. 4  Motility results of host strain and phage resistant mutants. Shown 
are the diameters of the bacterial colonies after overnight incubation. All 
phage resistant mutants had decreased motility compared to host strain. 
Symbol * indicates that the values are significantly different (p < 0.05). Cal-
culations and visualization were performed with OriginPro 2021b (Origin-
Lab Corporation, Northampton, MA, USA). Paired-Sample t-Test was used 
to calculate standard deviations
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addition to type-IV pili and flagella, LPS and capsular 
polysaccharides has been identified as binding receptors 
used by jumbo phages [76–78].

Using flagellotropic phages in therapeutic phage cock-
tails can be advantageous in many ways: Motility is an 
important virulence factor for many bacteria, thus, the 
phage resistant mutants emerging during the therapy 
are likely to be less virulent. Second, flagellar motil-
ity is a very energy-consuming process, which directs 
flagellotropic phages to select for host cells having high 
fitness and providing optimal capacity for phage replica-
tion. Third, rotating flagellum covers a wide area, which 
improves the likelihood of the phage to find the bacterial 
cell [75]. Fourth, as all known bacterial flagellins share a 
certain conserved domain architecture [70, 79], one can 
hypothesize that binding to flagella may provide broader 
host range when compared to LPS/capsule -specific 
phages.

fMGyn-Pae01 does not prevent biofilm formation
The ability to form biofilm was assessed for the wild type 
strain and the phage resistant mutants (Fig. 6). All bacte-
rial strains formed biofilm to some degree. Interestingly, 
mutants S6728-M5, S6728-M7 and S6728-M8 formed 
slightly more, and mutants S6728-M9 and S6728-M10, 
formed equal or slightly less biofilm compared to wild 
type strain.

The potential of fMGyn-Pae01 to inhibit biofilm forma-
tion was also evaluated (Fig. 6). Previously, phages have 
been reported to inhibit biofilm formation presumably 

using polysaccharide depolymerases that degrade 
extracellular polymeric substances forming extracel-
lular matrix protecting bacterial cells [80]. The results 
obtained in this study, however, showed that fMGyn-
Pae01 did not have any inhibitory effect on biofilm for-
mation. Interestingly, on the contrary, fMGyn-Pae01 
increased slightly, but not significantly, biofilm forma-
tion in the wild type strain. In BLASTp analysis, the tail 
fiber protein identified in the genome of fMGyn-Pae01 
(protein id WNV47846.1) had putative collagen-like 
conserved domains and no similarity to depolymerases, 
which is a logical finding for a phage using a filamen-
tous protein as its receptor. Furthermore, no halo was 
detected around the phage plaques. All the findings thus 
support the conclusion that fMGyn-Pae01 does not have 
anti-biofilm activity. However, when analysing the results 
of the biofilm assay, one should keep in mind that some 
of the formed biofilms were poorly attached to the bot-
tom of the well or were free-floating and slimy. This 
affected the staining and washing of the biofilms and thus 
could have affected the results obtained in the assay even 
though the assay was performed with six parallel sam-
ples. The technical challenges in the assay can be seen as 
a high margin of error, and not too definitive conclusions 
should be made based on these results.

RpoN has previously been identified to be neces-
sary also for biofilm formation [63, 80, 81]. However, 
the results obtained from the biofilm assay in this study 
indicated that a fully functional RpoN is not needed for 
biofilm formation. Although the single amino acid substi-
tution affecting RpoN in S6728-M8 affected the biosyn-
thesis of functional flagellum, it did not inhibit the strain 
from producing biofilm.

Conclusion
A lytic, phiKZ-like jumbo phage, fMGyn-Pae01, was 
isolated from a commercial phage cocktail. The isolated 
phage has a wide host range, although out of the bacterial 
panel tested in this work, it only infected strains belong-
ing to P. aeruginosa species. The phage uses the bacterial 
flagellum as its phage-binding receptor, which supports 
earlier suggestions that flagellum might be utilized by 
phiKZ but differs from some other previous findings 
showing that phiKZ-like phages use the type-IV pili as 
the phage-binding receptor. No genes encoding bacte-
rial virulence-, toxicity-, antibiotic resistance- or lysog-
eny-associated proteins were identified, confirming that 
fMGyn-Pae01 can be considered safe for phage therapy. 
On the other hand, fMGyn-Pae01 did not inhibit the bio-
film formation of bacteria, which may reduce the thera-
peutic potential of fMGyn-Pae01 if used as a monophage 
in diseases where biofilms are considered high risk. How-
ever, the broad host range which does not depend on the 
O-serotype of the P. aeruginosa strain and the facts that 

Fig. 6  Biofilm assay results. Biofilm formation of wild type strain and 
phage resistant mutant strains was evaluated as well as and the ability 
of fMGyn-Pae01 to inhibit biofilm formation. The green bars show biofilm 
formation in the absence of fMGyn-Pae01, and grey bars show the results 
in the presence of fMGyn-Pae01. Calculations and visualization were per-
formed with OriginPro 2021b (OriginLab Corporation, Northampton, MA, 
USA)

 



Page 10 of 12Ranta et al. Virology Journal           (2025) 22:55 

fMGyn-Pae01 was isolated from a commercial phage 
therapy cocktail and the highly similar phage OMKO1 
has been successfully used for phage therapy of a patient 
having aortic graft infection [82], support the conclusion 
that fMGyn-Pae01 is suitable for phage therapy.
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