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Abstract: A novel virus lytic for Pseudomonas aeruginosa has been purified. Its viral particles have a
siphoviral morphology with a head 60 nm in diameter and a noncontractile tail 184 nm long. The
dsDNA genome consists of 16,449 bp, has cohesive 3′ termini, and encodes 28 putative proteins in a
single strain. The peptidoglycan endopeptidase encoded by ORF 16 was found to be the lytic enzyme
of this virus. The recombinant, purified enzyme was active up to 55 ◦C in the pH range 6–9 against
all tested isolates of P. aeruginosa, but, surprisingly, also against the distant Gram-positive micrococci
Arthrobacter globiformis and A. pascens. Both this virus and its endolysin are further candidates for
possible treatment against P. aeruginosa and probably also other bacteria.

Keywords: adaiavirus; endolysin; host range; G+ and G− activity

1. Introduction

Pseudomonas aeruginosa is a Gram-negative polytrophic bacterium of great importance
for human and animal health. It is considered an opportunistic nosocomial pathogen
commonly associated with pneumonia, skin, soft tissue, eye, urinary tract, and otitis
diseases [1,2], and it is extremely dangerous to immunocompromised and immunodeficient
patients and patients with cystic fibrosis [3]. Recently, many P. aeruginosa isolates have
shown resistance to almost all classes of antibiotics, making conventional therapies with
combined antibiotics increasingly ineffective [4]. New antibiotics effective against a broad
spectrum of multidrug-resistant P. aeruginosa, such as ceftolozane–tazobactam, ceftazidime–
avibactam, doripenem, and plazomicin, have become available in recent years, but they
might have some unnecessary adverse effects or be restricted solely to intravenous use [5].
In addition, the development of new antibiotics is costly and time-consuming and time and
again has failed to halt the accelerated development of multidrug-resistant bacterial strains.
Going after the bacteria with appropriate bacteriophages, which are natural bacterial
enemies, or using antimicrobial enzymes could be new therapeutic strategies to combat P.
aeruginosa infections [6–8].

GenBank lists about 170 viruses (bacteriophages) with genome sizes between
3 kbp and 309 kbp using P. aeruginosa as a propagation host (accessed June 2023). Thus far,
as is known, many of the lytic viruses have limited host ranges and preferentially replicate
in one or a few related strains [9,10]. The use of a phage cocktail could compensate for this
limitation, and a clinical trial treating burns infected with P. aeruginosa was conducted in this
way without adverse effects [11]. In recent years, recombinant bacteriophage endolysins
(lysins) have been produced and tested as promising alternative antibacterial agents to
combat P. aeruginosa in medicine [12,13]. These address some concerns and limitations
related to uncontrollable dosing, immunogenicity, the potential for horizontal transmission,
emerging resistance, regulatory hurdles, and, in some countries, use of intellectual property
on complete bacteriophages [14,15]. Endolysins are enzymes used by bacteriophages to
enzymatically degrade the peptidoglycan layer of the bacterial host, thereby leading to cell
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lysis and the release of virion progeny [16]. The endolysins have been identified in both
lytic and lysogenic bacteriophages and, like PlyE146, gp144, and LysPA26 [17–19], they are
effective against a broader range of bacterial strains and species, have potential to destroy
biofilms, and could be used in synergy with antibiotics.

The endolysin of the novel Pseudomonas virus Hadban is most likely a peptidoglycan
endopeptidase. It has its counterpart in Arthrobacter phage Adaia, with 96.4% amino acid
(aa) sequence identity, but no other similar genes are present in GenBank (April, 2023). In
the presented work, the optimal reaction condition of this enzyme was evaluated.

2. Materials and Methods

A new P. aeruginosa-specific phage was isolated from soil when it was enriched
overnight with a culture of P. aeruginosa-isolate POCH2. Plaques that developed on a
soft agar plate with the POCH2 isolate were purified in three passages, propagated, then
concentrated from the bacterial lysate with 10% PEG 6000 and 4% NaCl precipitation [20].
The host specificity of the new phage was determined by spotting 1 µL of the purified
phage onto a soft agar layer containing the putative host, culturing at 27 ◦C for 16 h,
and then evaluating. For a one-step growth curve, a bacterial culture was grown to
OD600 = 0.3 (approximately 108 CFU/mL) and inoculated with the phage to obtain a
multiplicity of infection > 1. Adsorption was performed for 10 min at 27 ◦C, followed
by incubation on a shaker at the same temperature. Samples were taken every 20 min,
diluted, plated onto lawns of the susceptible P. aeruginosa POCH strain using the double
agar overlay assay, and then evaluated after 16 h.

DNA for sequencing was extracted from purified viruses after RNase, DNase, and
proteinase K treatment as described previously [20], then sequenced as paired-end reads on
the Illumina platform by Eurofins (Konstanz, Germany). The separate reads thus obtained
were demultiplexed, adapter trimmed, and then de novo assembled using CLC Genomics
Workbench 8.5.1. software (Qiagen, Hilden, Germany). The virus-like sequence was
identified with BLAST. The coding regions were predicted using GeneMark v3.42 [21] and
annotated using RAST [22]. HHpred was used to assess protein function [23]. Nucleotide
and protein sequence comparisons and phylogenetic analyses were performed in MEGA
X [24] and VipTree 3.5 [25].

The endolysin gene was amplified with the primers 5′-caccATGACGAAGTTCAGTAGCC
and 5′TTAGACCTTTACGCCCATG (the initial codon is in bold and termination codon is
underlined) with Sapphire 2× Premix (Takara Inc., Kusatsu, Japan), cloned into the pET100
TOPO plasmid (Fisher Scientific, Carlsbad, CA, USA), then transformed into E. coli TOP10 cells.
Clones with verified plasmid and inserts were propagated. The plasmid was then extracted
and used for transformation of E. coli BL21(DE3) cells. Protein expression was induced for 16 h
at 30 ◦C with 0.5 mM IPTG according to the manufacturer’s instructions. The protein was
extracted from the bacterial lysate using a His-Trap column (GE Healthcare Ltd., Little
Chalfont, UK), dialyzed against 50 mM phosphate buffer, then freeze-dried.

Endolysin activity was detected using a turbidity reduction assay in which 20 µg of the
purified endolysin in 50 µL volume was added to 150 µL volume of P. aeruginosa cells after
chloroform permeabilization, as described by Briers et al. [26], and then measured in inter-
vals at A620 nm. The experiment was performed three times independently. To determine
the optimal temperature, the purified enzyme was incubated in 20 mmol/L phosphate
buffer at 30, 40, 50, 55, 60, and 70 ◦C with permeabilized P. aeruginosa POCH2 cells for
60 min. To determine the optimal pH for endolysin activity, the enzyme was incubated
with P. aeruginosa POCH2 cells in 20 mmol/L phosphate buffer at pH values between 4 and
10. Relative activity was determined by comparing the maximum activity of the dataset
and the lytic activity of each assay [27].

3. Results and Discussion

The POCH2 isolate of P. aeruginosa was obtained from the ear swab of a dog with otitis
media and identified using 16S rDNA sequencing. This strain was resistant to β-lactam
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antibiotics, valinomycin, and novobiocin, but was sensitive to chloramphenicol, kanamycin,
tetracycline, and neomycin. The bacteriophage lysing this strain was purified and the
purified virions had an isometric head with a diameter of 61 nm (±2.4 nm) and a non-
contractile tail with a length of 184.4 ± 8.7 nm (n = 31), reflecting siphoviral morphology
(Figure 1). The latent period of the bacteriophage on POCH2 was approximately 3 h and
the average burst size was calculated to be 15 PFU/infected cell. We provisionally named
this bacteriophage Pseudomonas virus Hadban.
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Figure 1. Electron microscopy of purified Pseudomonas virus Hadban negative-stained with 2% (w/v)
uranyl acetate and examined with a JEM-1400 JEOL transmission electron microscope.

A single viral contig with a length of 16,449 bp was assembled using CLC software from
about 400,000 reads with an average coverage of 3672×. The genome of Hadban was 16,449 bp
long, the G+C content was 56.2%, and 28 genes predicted by RAST were arranged on one
strand. No tRNA genes were identified in Aragorn. In addition, the genome of Hadban
had 10 nt 3′-cohesive termini (CCCGCGCCCC) identical to those of the Arthrobacter virus
Adaia and similar to those of some decurroviruses (PhagesDB). Eleven genes at the 5′ end
encoded structural proteins, the product of ORF 16 was predicted to be viral endolysin, and
ORF 28 contained an HNH endonuclease domain (pfam14279) similar to the endonucleases
of gordoniaviruses, adaiavirus, and atraxavirus (Figure 2, Supplementary Table S1). No genes
associated with DNA replication or metabolism were identified on the genome.
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Figure 2. Genome arrangement of the Pseudomonas virus Hadban. Structural genes are marked red,
genes with unknown function are marked gray.

The Arthrobacter phage Adaia with genome size 15,840 bp and G+C content 56.1%,
the Arthrobacter phage Atraxa with genome size 14,927 and G+C content 58%, and decur-
roviruses with genome sizes ranging from 14,830 to 15,556 bp and G+C contents around
60.1% were found to be the viruses most similar to this new virus [28]. Phylogenetic
analysis of the complete genomes assigned our virus to the genus Adaiavirus, with 90.4%
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identity to the type virus. Recombination analyses of the aligned complete sequences of
virus Hadban, Adaia virus, Atraxa virus, and selected decurroviruses performed with
the RDP5 program [29] failed to detect recombination of Hadban using any algorithm.
Therefore, we concluded that Pseudomonas virus Hadban is a new virus of the genus
Adaiavirus (Figure 3).
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The host range of the virus was investigated on verified P. aeruginosa strains from the
Czech Collection of Microorganisms (CCM, Brno, Czech Republic), from the Collection
of Phytopathogenic and Agriculturally Beneficial Bacteria (CPABB, Praha-Ruzyně, Czech
Republic), and from the German Collection of Microorganisms and Cell Cultures (DSMZ,
Heidelberg, Germany). The complete bacteriophage lysed all P. aeruginosa strains, but not
the atypical brown color-producing strain CCM 3630 and strain DSM 22644. The extraordi-
narily high amino acid sequence identity of the Pseudomonas virus Hadban and Arthrobac-
ter virus Adaia in several genes, including endolysins (96.4%), prompted us to also test
the lytic properties of the new bacteriophage on two Arthrobacter species. Surprisingly, the
bacteriophage lysed both Arthrobacter pascens CCM 1653 and Arthrobacter globiformis CCM
193 strains (Table 1), but it did not lyse strains of Dickeya sp., Stenotrophomonas maltophilia,
or Staphylococcus pseudintermedius. To date, there is no information on the host specificity
of decurroviruses, adaiavirus, or atraxavirus. It should be emphasized that the hosts of
all Hadban-related bacteriophages are Gram-positive Arthrobacter sp. bacteria (Micrococ-
caceae, Actinomycetales, Actinobacteria) and the host of virus Hadban is a Gram-negative
P. aeruginosa (Pseudomonadaceae, Gammaproteobacteria). The proteins involved in virus
Hadban’s ability to infect P. aeruginosa bacteria are not known. We can speculate that the tail
protein(s) responsible for binding the virus to the bacterial cell wall have been altered. From
this point of view, the minor tail protein (product of ORF 14) is a good candidate, because
this protein differs greatly in its C-terminal part and has a 74% overall aa identity with
the corresponding protein of virus Adaia, while the other structural proteins are 95% to
100% identical to the corresponding proteins (see Supplementary Table S1). In addition, it
is possible that yet-unidentified hypothetical proteins encoded by ORFs 15, 20, and 26 play
a role. Although the Hadban virus was purified from the plaques by three passage cycles,
we cannot exclude contamination at this point with some Gram-positive-specific phage/s
that could contribute to the lysis of the intact Arthrobacter sp. cells.
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Table 1. Host specificity of the Pseudomonas virus Hadban.

Strain Virus Endolysin

P. aeruginosa POCH2 +++ +++
P. aeruginosa CCM 1959 +++ +++
P. aeruginosa CCM 3630 − +++
P. aeruginosa CCM 3989 + +++
P. aeruginosa CCM 7930 + +++

P. aeruginosa DSMZ 22644 − +++
Arthrobacter pascens CCM 1653 +++ +++

Arthrobacter globiformis CCM 193 +++ +++
Dickeya sp. CPABB 050 − −

Stenotrophomonas maltophilia CCM 1640 − −
Staphylococcus pseudintermedius DSMZ 25714 − −

One µL of purified phage was spotted on soft agar with corresponding bacterium. Clear lytic zone observed after
16 h is marked +++, opaque zone is marked +, and no lytic zone is marked −.

Endolysins from Gram-positive bacterial hosts usually have a cell-wall-binding do-
main and an enzymatic active domain, whereas those from Gram-negative hosts usually
have no specific cell-wall-binding module [30]. There are some exceptions, however, such
as the lysins KZ144 and EL188 from Pseudomonas phages, which also have a modular
structure with an N-terminal cell-wall-binding domain and a C-terminal enzymatically
active domain [16].

The ORF16 of virus Hadban encodes a protein 221 aas long (23.3 kDa) in whose N-part
within amino acid positions 4–142 a domain of the M23 family metallopeptidase was found
and in whose C-part within amino acid positions 180–214 a putative peptidoglycan-binding
protein (pfam01471) was found. This protein is, therefore, presumably an endolysin of this
virus. The putative endolysin of the related Arthrobacter virus Atraxa (ORF 15) has a similar
domain structure, but it is smaller (a protein 207 aas long) and has an amino acid sequence
identity of 47.3% with the endolysin of virus Hadban. Decurroviruses’ endolysins are
149 aas long and have the metallopeptidase domain only [31]. The recombinant endolysin
of virus Hadban (Figure 4a) was active with all P. aeruginosa strains tested, including the
strains CCM 3630 and DCMZ 22644, which were not lysed by the complete virus (Figure 4b).
There were no significant differences between the strains. It also lysed both Arthrobacter
strains under the same experimental conditions. The enzyme was active up to 55 ◦C,
although its activity at 55 ◦C was only about 60% of the maximum activity reached at
50 ◦C (Figure 4c), and it functioned in the pH range of 6–9 (Figure 4d).
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Figure 4. (a) SDS-polyacrylamide gel separation of purified virus Hadban endolysin. M-protein size
is pre-stained marker (Fisher Scientific), endolysin. (b) Turbidity reduction assay of the recombinant
virus Hadban endolysin with distinct P. aeruginosa strains. (c) Optimal temperature for the bacte-
ricidal activity of the endolysin after 1 h incubation at given temperature. (d) Optimal pH for the
bactericidal activity of endolysin. The assays were performed in triplicate, and error bars represent
standard deviations.

4. Conclusions

Endolysins generally have broader specificity than do whole phages [19,32,33]. They
act rapidly, are stable over wide pH and temperature ranges [15], and can be used against
biofilms [19] and in combination with antibiotics or other antibacterial enzymes [16]. Here,
we have described not only the novel bacteriophage that lyses P. aeruginosa per se, but also
its unique ability to lyse completely different, unrelated bacteria.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms11081888/s1, Table S1: Annotation of Pseu-
domonas virus Hadban.

https://www.mdpi.com/article/10.3390/microorganisms11081888/s1


Microorganisms 2023, 11, 1888 7 of 8

Funding: This research was funded by the research project “Land conservation and restoration”
within the program “Strategie AV 21” of the Czech Academy of Sciences and institutional support
RVO60077344. Electron microscopy images were obtained at the core facility Laboratory of Electron
Microscopy, Biology Centre CAS, supported by the MEYS CR (LM2015062 Czech-BioImaging) and
ERDF (No. CZ.02.1.01/0.0/0.0/16_013/0001775).

Data Availability Statement: The complete genome sequence of Pseudomonas virus Hadban has
been deposited in GenBank under accession number OR067381.

Acknowledgments: The authors gratefully acknowledge Olga Kubešová for her technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Hawkins, C.; Harper, D.; Burch, D.; Änggård, E.; Soothill, J. Topical treatment of Pseudomonas aeruginosa otitis of dogs with a
bacteriophage mixture: A before/after clinical trial. Vet. Microbiol. 2010, 146, 309–313. [CrossRef] [PubMed]

2. Lyczak, J.B.; Cannon, C.L.; Pier, G.B. Establishment of Pseudomonas aeruginosa infection: Lessons from a versatile opportunist.
Microbes Infect. 2000, 2, 1051–1060. [CrossRef] [PubMed]

3. Driscoll, J.A.; Brody, S.L.; Kollef, M.H. The epidemiology, pathogenesis and treatment of Pseudomonas aeruginosa infections. Drugs
2007, 67, 351–368. [CrossRef] [PubMed]

4. Bassetti, M.; Vena, A.; Croxatto, A.; Righi, E.; Guery, B. How to manage Pseudomonas aeruginosa infections. Drugs Context 2018, 7,
212527. [CrossRef] [PubMed]

5. Pang, Z.; Raudonis, R.; Glick, B.R.; Lin, T.J.; Cheng, Z. Antibiotic resistance in Pseudomonas aeruginosa: Mechanisms and
alternative therapeutic strategies. Biotechnol. Adv. 2019, 37, 177–192. [CrossRef]

6. Chatterjee, M.; Anju, C.P.; Biswas, L.; Anil, K.V.; Mohan, G.C.; Biswas, R. Antibiotic resistance in Pseudomonas aeruginosa and
alternative therapeutic options. Int. J. Med. Microbiol. 2016, 306, 48–58. [CrossRef]

7. Rose, T.; Verbeken, G.; De Vos, D.; Merabishvili, M.; Vaneechoute, M.; Lavigne, R.; Jennes, S.; Zizi, M.; Pirnay, J.-P. Experimental
phage therapy of burn wound infection: Difficult first steps. Int. J. Burn. Trauma 2014, 4, 66–73.

8. Wright, A.; Hawkins, C.H.; Änggård, E.E.; Harper, D.R. A controlled clinical trial of a therapeutic bacteriophage preparation
in chronic otitis due to antibiotic-resistant Pseudomonas aeruginosa: A preliminary report of efficacy. Clin. Otolaryngol. 2009, 34,
349–357. [CrossRef]

9. Namonyo, S.; Carvalho, G.; Guo, J.; Weynberg, K.D. Novel bacteriophages show activity against selected Australian clinical
strains of Pseudomonas aeruginosa. Microorganisms 2022, 10, 210. [CrossRef] [PubMed]

10. Kamyab, H.; Torkashvand, N.; Shahverdi, A.R.; Khoshayand, M.R.; Sharifzadeh, M.; Sepehrizadeh, Z. Isolation, characterization,
and genomic analysis of vB_PaeS_TUMS_P81, a lytic bacteriophage against Pseudomonas aeruginosa. Virus Genes 2023, 59, 132–141.
[CrossRef] [PubMed]

11. Merabishvili, M.; Pirnay, J.P.; Verbeken, G.; Chanishvili, N.; Tediashvili, M.; Lashkhi, N.; Glonti, T.; Krylov, V.; Mast, J.; Van Parys,
L.; et al. Quality-controlled small-scale production of a well-defined bacteriophage cocktail for use in human clinical trials. PLoS
ONE 2009, 4, e4944. [CrossRef] [PubMed]

12. Gontijo, M.T.P.; Jorge, G.P.; Brocchi, M. Current status of endolysin-based treatments against Gram-negative bacteria. Antibiotics
2021, 10, 1143. [CrossRef] [PubMed]

13. Murray, E.; Draper, L.A.; Ross, R.P.; Hill, C. The Advantages and challenges of using endolysins in a clinical setting. Viruses 2021,
13, 680. [CrossRef] [PubMed]

14. Fauconnier, A. Phage therapy regulation. From night to dawn. Viruses 2019, 11, 352. [CrossRef] [PubMed]
15. Danis-Wlodarczyk, K.M.; Wozniak, D.J.; Abedon, S.T. Treating bacterial infections with bacteriophage-based enzybiotics: In Vitro,

In Vivo and clinical application. Antibiotics 2021, 10, 1497. [CrossRef]
16. Schmelcher, M.; Donovan, D.M.; Loessner, M.J. Bacteriophage endolysins as novel antimicrobials. Future Microbiol. 2012, 7,

1147–1171. [CrossRef]
17. Larpin, Y.; Oechslin, F.; Moreillon, P.; Resch, G.; Entenza, J.M.; Mancini, S. In vitro characterization of PlyE146, a novel phage

lysin that targets Gram-negative bacteria. PLoS ONE 2018, 13, e0192507. [CrossRef]
18. Paradis-Bleau, C.; Cloutier, I.; Lemieux, L.; Sanschagrin, F.; Laroche, J.; Auger, M.; Garnier, A.; Levesque, R.C. Peptidoglycan lytic

activity of the Pseudomonas aeruginosa phage phiKZ gp144 lytic transglycosylase. FEMS Microbiol. Lett. 2007, 266, 201–209.
[CrossRef]

19. Guo, M.; Feng, C.; Ren, J.; Zhuang, X.; Zhang, Y.; Zhu, Y.; Dong, K.; He, P.; Guo, X.; Qin, J. A novel antimicrobial endolysin,
LysPA26, against Pseudomonas aeruginosa. Front Microbiol. 2017, 8, 293. [CrossRef]

20. Petrzik, K.; Brázdová, S.; Krawczyk, K. Novel viruses that lyse plant and human strains of Kosakonia cowanii. Viruses 2021, 13,
1418. [CrossRef]

https://doi.org/10.1016/j.vetmic.2010.05.014
https://www.ncbi.nlm.nih.gov/pubmed/20627620
https://doi.org/10.1016/S1286-4579(00)01259-4
https://www.ncbi.nlm.nih.gov/pubmed/10967285
https://doi.org/10.2165/00003495-200767030-00003
https://www.ncbi.nlm.nih.gov/pubmed/17335295
https://doi.org/10.7573/dic.212527
https://www.ncbi.nlm.nih.gov/pubmed/29872449
https://doi.org/10.1016/j.biotechadv.2018.11.013
https://doi.org/10.1016/j.ijmm.2015.11.004
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.3390/microorganisms10020210
https://www.ncbi.nlm.nih.gov/pubmed/35208664
https://doi.org/10.1007/s11262-022-01954-0
https://www.ncbi.nlm.nih.gov/pubmed/36357763
https://doi.org/10.1371/journal.pone.0004944
https://www.ncbi.nlm.nih.gov/pubmed/19300511
https://doi.org/10.3390/antibiotics10101143
https://www.ncbi.nlm.nih.gov/pubmed/34680724
https://doi.org/10.3390/v13040680
https://www.ncbi.nlm.nih.gov/pubmed/33920965
https://doi.org/10.3390/v11040352
https://www.ncbi.nlm.nih.gov/pubmed/30999559
https://doi.org/10.3390/antibiotics10121497
https://doi.org/10.2217/fmb.12.97
https://doi.org/10.1371/journal.pone.0192507
https://doi.org/10.1111/j.1574-6968.2006.00523.x
https://doi.org/10.3389/fmicb.2017.00293
https://doi.org/10.3390/v13081418


Microorganisms 2023, 11, 1888 8 of 8

21. Zhu, W.; Lomsadze, A.; Borodovsky, M. Ab initio gene identification in metagenomic sequences. Nucleic Acids Res. 2010, 38, e132.
[CrossRef] [PubMed]

22. Brettin, T.; Davis, J.J.; Disz, T.; Edwards, R.A.; Gerdes, S.; Olsen, G.J.; Olson, R.; Overbeek, R.; Parrello, B.; Pusch, G.D.; et al.
RASTtk: A modular and extensible implementation of the RAST algorithm for building custom annotation pipelines and
annotating batches of genomes. Sci. Rep. UK 2015, 5, 8365. [CrossRef]

23. Zimmermann, L.; Stephens, A.; Nam, S.Z.; Rau, D.; Kübler, J.; Lozajic, M.; Gabler, F.; Söding, J.; Lupas, A.N.; Alva, V. A completely
reimplemented MPI bioinformatics toolkit with a new HHpred server at its core. Mol. Biol. Evol. 2018, 430, S0022–S2836.
[CrossRef]

24. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

25. Nishimura, Y.; Yoshida, T.; Kuronishi, M.; Uehara, H.; Ogata, H.; Goto, S. ViPTree: The viral proteomic tree server. Bioinformatics
2017, 33, 2379–2380. [CrossRef]

26. Briers, Y.; Volckaert, G.; Cornelissen, A.; Lagaert, S.; Michiels, C.W.; Hertveldt, K.; Lavigne, R. Muralytic activity and modular
structure of the endolysins of Pseudomonas aeruginosa bacteriophages fKZ and EL. Mol. Microbiol. 2007, 65, 1334–1344. [CrossRef]

27. Mondal, S.I.; Akter, A.; Draper, L.A.; Ross, R.P.; Hill, C. Characterization of an endolysin targeting Clostridioides difficile that affects
spore outgrowth. Int. J. Mol. Sci. 2021, 22, 5690. [CrossRef] [PubMed]

28. Russell, D.A.; Hatfull, G.F. PhagesDB: The actinobacteriophage database. Bioinformatics 2017, 33, 784–786. [CrossRef] [PubMed]
29. Martin, D.P.; Varsani, A.; Roumagnac, P.; Botha, G.; Maslamoney, S.; Schwab, T.; Kelz, Z.; Kumar, V.; Murrell, B. RDP5: A computer

program for analyzing recombination in, and removing signals of recombination from, nucleotide sequence datasets. Virus Evol.
2020, 7, veaa087. [CrossRef] [PubMed]

30. Ghose, C.; Euler, C.W. Gram-negative bacterial lysins. Antibiotics 2020, 9, 74. [CrossRef]
31. Klyczek, K.K.; Bonilla, J.A.; Jacobs-Sera, D.; Adair, T.L.; Afram, P.; Allen, K.G.; Archambault, M.L.; Aziz, R.M.; Bagnasco, F.G.;

Ball, S.L.; et al. Tales of diversity: Genomic and morphological characteristics of forty-six Arthrobacter phages. PLoS ONE 2017,
12, e0180517. [CrossRef] [PubMed]

32. Abdelkader, K.; Gerstmans, H.; Saafan, A.; Dishisha, T.; Briers, Y. The preclinical and clinical progress of bacteriophages and their
lytic enzymes: The parts are easier than the whole. Viruses 2019, 11, 96. [CrossRef] [PubMed]

33. Gondil, V.S.; Harjai, K.; Chhibber, S. Endolysins as emerging alternative therapeutic agents to counter drug-resistant infections.
Int. J. Antimicrob. Agents 2020, 55, 105844. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkq275
https://www.ncbi.nlm.nih.gov/pubmed/20403810
https://doi.org/10.1038/srep08365
https://doi.org/10.1016/j.jmb.2017.12.007
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/bioinformatics/btx157
https://doi.org/10.1111/j.1365-2958.2007.05870.x
https://doi.org/10.3390/ijms22115690
https://www.ncbi.nlm.nih.gov/pubmed/34073633
https://doi.org/10.1093/bioinformatics/btw711
https://www.ncbi.nlm.nih.gov/pubmed/28365761
https://doi.org/10.1093/ve/veaa087
https://www.ncbi.nlm.nih.gov/pubmed/33936774
https://doi.org/10.3390/antibiotics9020074
https://doi.org/10.1371/journal.pone.0180517
https://www.ncbi.nlm.nih.gov/pubmed/28715480
https://doi.org/10.3390/v11020096
https://www.ncbi.nlm.nih.gov/pubmed/30678377
https://doi.org/10.1016/j.ijantimicag.2019.11.001
https://www.ncbi.nlm.nih.gov/pubmed/31715257

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

