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A B S T R A C T   

Bacteria belonging to Cronobacter and Enterobacter genera are opportunistic pathogens responsible for infections 
in immunocompromised patients including neonates. Phage therapy offers a safe method for pathogen elimi-
nation, however, phages must be well characterized before application. In the present study we isolated four 
closely related bacteriophages from the subfamily Tevenvirinae infecting Cronobacter and Enterobacter strains. 
Bacteriophage Pet-CM3–4 which was isolated on C. malonaticus strain possessed broader host specificity than 
other three phages with primary Enterobacter hosts. Based on genome sequences all these phages have been 
assigned to the genus Karamvirus. We also studied factors influencing the host specificity of Pet-CM3–4 phage and 
its host range mutant Pet-CM3–1 and observed that a lysine to glutamine substitution in the long tail fiber 
adhesin was the reason of the Pet-CM3–1 reduced host specificity. By characterization of phage-resistant mutants 
from transposon library of C. malonaticus KMB-72 strain we identified that LPS is the receptor of both phages. 
C. malonaticus O:3 antigen is the receptor of Pet-CM3–1 phage and the Pet-CM3–4 phage binds to structures of 
the LPS core region. Obtained results will contribute to our understanding of biology and evolution of Teven-
virinae phages.    

Abbreviations 
ANI average nucleotide identity 
EOP efficiency of plating 
LPS lipopolysaccharide 
ECA enterobacterial common antigen 

1. Introduction 

The genus Cronobacter belongs to the family Enterobacteriaceae and 
currently contains seven species (Iversen et al., 2007; Joseph et al., 
2012). Members of the genus are opportunistic pathogens that can cause 
serious infections in neonates, including meningitis, necrotising 
enterocolitis and sepsis with low frequency, but high lethality rate (Holy 
and Forsythe, 2014). Cronobacter can also infect adults in particular the 
elderly and immunocompromised patients, but infections have generally 
milder manifestation compared to disease in new-borns (Alsonosi et al., 
2015). Cronobacter is ubiquitous and has been isolated from various 

foods and environments (Turcovsky et al., 2011; Ueda, 2017). Main 
vehicle for Cronobacter transmission in neonatal infections is rehydrated 
powdered infant formula and bacterial contamination can be caused by 
its improper storage during the manufacture process (Henry and Fou-
ladkhah, 2019). 

Bacteria belonging to Enterobacter cloacae complex are common 
nosocomial pathogens capable of producing a wide variety of infections, 
such as pneumonia, urinary tract infections, and septicaemia. Spread of 
nosocomial multidrug resistant strains, including last-resort carbape-
nem resistant isolates, represent a major global threat (Annavajhala 
et al., 2019). Eighteen phylogenomic groups were described in E. cloacae 
complex, E. cloacae, E. hormaechei and related subspecies remain the 
most clinically relevant (Chavda et al., 2016). 

One alternative to control bacterial pathogens is the application of 
bacteriophages due to their high specificity and efficiency. However, 
before application, it is necessary to obtain sufficient information about 
biocontrol phages to guarantee their safety and reliability (Moye et al., 
2018; Ghosh et al., 2019; Altamirano and Barr, 2019). Presently, several 
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Cronobacter and Enterobacter phages with sequenced genomes have been 
reported and their application for food decontamination was experi-
mentally tested (Zuber et al., 2008; Kajsik et al., 2014; Endersen et al., 
2017; Kajsik et al., 2019; Gibson et al., 2019). 

Bacteriophages from the subfamily Tevenvirinae have been abun-
dantly isolated on several bacterial hosts from Enterobacteriaceae family. 
They are a diverse group of lytic bacterial myoviruses that share genetic 
homologies and morphological similarities with the well-studied coli-
phage T4 (Petrov et al., 2010; Trojet et al., 2011; Grose and Casjens, 
2014). Due to their high lytic potential, they are the accomplished 
candidates for the phage therapy (Gibson et al., 2019; Pham-Khanh 
et al., 2019). 

Among other properties members of the Tevenvirinae subfamily differ 
in the host range (Gibson et al., 2019; Grose and Casjens, 2014). This is 
mainly determined by adsorption, the first step in the phage life cycle. 
The long tail fiber adhesins are the primary determinants of the host 
range in the Tevenvirinae phages and these proteins show high degree of 
variability between closely related phages. The dominant form of the 
phage adhesin in Tevenvirinae is a small protein gp38, but the distal tip of 
gp37 serves this purpose for T4 phage (Trojet et al., 2011; Suga et al., 
2021). Several outer membrane proteins could be recognised as re-
ceptors by Tevenvirinae phages such as OmpA, OmpF, OmpC, Tsx, FadL 
and FhuA. Lipopolysaccharides (LPS) and bacterial capsule are also 
frequently used for attachment of various phages including Tevenvirinae 
members (Trojet et al., 2011; Wang et al., 2021; Gordillo Altamirano 
et al., 2021). 

In this study, we describe four related Tevenvirinae bacteriophages 

infecting Cronobacter and Enterobacter strains, which were newly iso-
lated from sewage. We studied factors influencing the host specificity, in 
particular we isolated phages with mutated tail fiber adhesins possessing 
narrowed host spectrum and showed that bacterial LPS is a probable 
phage receptor. These data are fundamental for the phage application in 
phage therapy and in food control. 

2. Materials and methods 

2.1. Bacterial strains and growth conditions 

Cronobacter and Enterobacter strains from collections of Nottingham 
Trent University, Belgian Coordinated Collections of Microorganism or 
Czech Collection of Microorganism or isolated previously (Turcovsky 
et al., 2011; Vojkovska et al., 2016; Kadlicekova et al., 2018) were used 
and are listed in Table 1. Luria-Bertani (LB) broth and LB agar were used 
for bacterial cultivation. 

2.2. Isolation of bacteriophages 

Pet-CM3–4, vB-EclM_KMB17, vB-EclM_KMB19 and vB_EclM_KMB20 
(in short Pet-CM3–4, vKMB17, vKMB19 and vKMB20) bacteriophages 
were isolated from wastewater on indicators stated in Table 1. 10 ml of 
wastewater was sterilized by 20 µm filtration and mixed with the same 
volume of two-fold concentrated LB medium and 200 µl overnight 
bacterial culture. Mixture was cultivated overnight at 37 ◦C with 
shaking. Phages were purified by three repeated isolations from single 

Table 1 
Host range analysis of Pet-CM3–4 related phages.  

Strain Pet-CM3–1 Pet-CM3–4 vKMB17 vKMB19 vKMB20 

C. condimenti KMB-130 – ++ – – + (P) 
C. dublinensis KMB-14 – + (P) + (P) – + (P) 
C. malonaticus KMB-17 – ++ (P) – – – 
C. malonaticus KMB-211 – + – – – 
C. malonaticus KMB-72 þþ (P) þþ (P) – ++ (P) + (P) 
C. muytjensii ATCC 51,329 ++ (P) ++ (P) – – – 
C. sakazakii BAA-894 – ++ (P) – – – 
C. sakazakii KMB-104 – ++ – – – 
C. sakazakii KMB-121 – ++ (P) – – – 
C. sakazakii ATCC 29,544 – ++ (P) – – – 
C. sakazakii KMB-203 – ++ – – – 
C. sakazakii KMB-204 – + – – + (P) 
C. turicensis KMB-131 – ++ – – – 
C. turicensis KMB-539 – ++ – – + (P) 
C. universalis KMB-126 – + (P) – – – 
E. asburiae KMB-219 – ++ ++ (P) – ++

E. asburiae KMB-220 ++ (P) ++ (P) þþ (P) ++ þþ (P) 
E. cloaceae KMB-221 – + (P) – – – 
E. cloaceae CCM 2320 ++ (P) ++ (P) – ++ (P) – 
E. hormaechei KMB-223 – ++ – – – 
E. hormaechei KMB-224 – ++ – – + (P) 
E. hormaechei KMB-243 ++ (P) ++ (P) – ++ (P) – 
E. hormaechei KMB-244 ++ (P) ++ (P) – ++ (P) – 
E. hormaechei KMB-245 – ++ – ++ – 
E. hormaechei KMB-246 ++ (P) ++ (P) ++ (P) ++ (P) ++ (P) 
E. hormaechei KMB-247 ++ (P) ++ (P) – ++ (P) – 
E. hormaechei KMB-261 – ++ ++ (P) – ++ (P) 
E. hormaechei KMB-265 ++ (P) + (P) – ++ (P) – 
E. hormaechei KMB-268 – ++ – – – 
E. hormaechei KMB-270 – ++ – – – 
E. hormaechei KMB-536 ++ (P) ++ (P) – þþ (P) – 
E. kobei CCM 1903 ++ (P) ++ (P) ++ (P) ++ (P) ++ (P) 
E. ludwigii KMB-686 ++ (P) ++ (P) – + (P) – 
E. ludwigii KMB-692 ++ (P) + (P) – ++ (P) + (P) 
E. ludwigii KMB-695 ++ (P) ++ (P) + (P) ++ (P) + (P) 
E. cloacae KMB-691 ++ (P) ++ – + (P) – 
E. cancerogenus CCM 2421 – – ++ ++ ++ (P) 
K. aerogenes CCM 2531 – – – – – 
P. gergoviae CCM 3459 – – – – – 

Lysis in spots: ++: comparable to indicator strain (highlighted); +: more than 2 log reduced lysis compared with indicator strain; -: no lysis observed; (P): plaques 
observed. 
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plaques on double agar and amplified in liquid cultures. Bacteriophage 
Pet-CM3–1 was unintentionally isolated as a spontaneous mutant of Pet- 
CM3–4 phage during cultivation on LB agar. 

2.3. Determination of phage titer, growth curve and phage adsorption 

The phage titer was determined by plaque assay as previously 
described (Kajsik et al., 2014). Briefly, 200 μl overnight bacterial culture 
supplemented with 10 µl 1 M CaCl2 and 10 µl 1 M MgCl2 was mixed with 
5 ml top agar (0.2% peptone, 0.7% NaCl and 0.7% agar) and poured on 
LB agar plate. 10 μl phage lysate dilutions (102 − 109 PFU/ml) were 
spotted onto the plate and incubated overnight. The phage host range 
was tested by plaque assay on strains listed in Table 1. EOP was calcu-
lated based by using references: C. malonaticus KMB-72 for Pet-CM3–1 
and Pet-CM3–4 phages; E. asburiae KMB-220 for vKMB17 and vKMB20 
phages; and E. hormaechei KMB-536 for vKMB19 phage. 

The one step growth curve was measured by adding 100 μl 107 PFU/ 
ml phage lysate to 10 ml exponentially grown bacterial culture. Phages 
were allowed to adsorb for 10 min at 37 ◦C. The mixture was then 
centrifuged, and the pellet was resuspended in 10 ml prewarmed LB. At 
this time a number of all phages (adsorbed and unadsorbed) was 
determined by double agar method. Then 1 ml samples were taken every 
5 min into tube containing 50 µl chloroform, vortexed and the number of 
phages was counted by plaque assay. 

The phage adsorption was measured in liquid cultures (Kajsik et al., 
2014). 20 µl 108 PFU/ml phage suspension was added to 180 µl over-
night bacterial culture and adsorbed 10 min at 37 ◦C. Subsequently, 10 
μl sample was diluted into 1 ml SM buffer (100 mM NaCl; 8 mM MgSO4; 
50 mM Tris–HCl, pH 7.5; 0.002% gelatine), adsorbed phages were 
removed by centrifugation and unadsorbed phages were counted by 
plaque assay. The measurements were repeated in triplicates. Signifi-
cance of the results was determined by Student́s t-test. 

Growth inhibition of Croobacter strains in the presence of bacterio-
phages was measured in 96-well microtiter plates by using 200 µl me-
dium inoculated with diluted overnight bacterial culture (final 
OD600=0.1, approx. 107 CFU/ml) and a phage preparation (104 PFU/ml 
and 108 PFU/ml). Plates were incubated at 37 ◦C and the turbidity was 
measured every hour on Varioskan multimode microplate reader 
(Thermo Fisher, USA). 

2.4. Isolation of DNA, genome sequencing and bioinformatics 

Phage DNA was purified using a Phage DNA Isolation Kit (Norgen 
Biotek, Thorold, Ontario, Canada). A DNA fragment library was pre-
pared using a Nextera kit (Illumina, San Diego, CA, USA). Paired-end 
sequencing with 2 × 150 bp reads was carried out on a MiSeq system 
(Illumina). De novo assembly into contigs was carried out on all reads 
using SPAdes (Bankevich et al., 2012). The genome was annotated using 
RAST (http://rast.nmpdr.org/) (Aziz et al., 2008) and PATRIC server 
(https://www.bv-brc.org/) (Wattam et al., 2017). The closest relatives 
of sequenced contigs were found using BLASTn to search the GenBank 
database and sequences were analysed manually using Geneious version 
11.1.5 (Biomatters Ltd., Auckland, New Zealand). Phylogenomic tree 
was made in Victor (http://ggdc.dsmz.de/victor.php) (Meier-Kolthoff 
et al., 2017). The presence of resistance-encoding genes or virulence 
genes was detected using PATRIC server. Phage genomes were aligned 
and visualized in Easyfig 2.2.2 (Sullivan et al., 2011). Average Nucleo-
tide Identity (ANI) was calculated by ANI calculator (https://www.ezbio 
cloud.net/tools/ani) (Yoon et al., 2017). Accession numbers of phage 
genomes are LT614807.1, OL849997, OL828290 and OL828291. 

Bacterial DNA was isolated using a DNeasy Blood & Tissue Kit 
(Qiagen). The DNA library, next-generation sequencing and sequence 
analyses were performed as in the case of phage sequencing. The ge-
nomes were deposited into Cronobacter MLST database (https://pub 
mlst.org/organisms/cronobacter-spp) under accessions: C. malonaticus 
KMB-72 (ID:1763) and C. malonaticus KMB-33 (ID:3392). 

2.5. Construction of C. malonaticus transposon library 

A transposon mutagenesis library from the C. malonaticus KMB-72 
strain was constructed by using the EZ-Tn5™<DHFR-1>Tnp Trans-
posome™ Kit (epicentre, Illumina). Briefly, one microliter of transposon 
DNA was added to 50 μl of electrocompetent cells (efficiency >109 CFU/ 
μg). After electroporation at 25 μF capacitance, 2,5 kV voltage and 200 
Ω resistance, cells were recovered in LB medium at 37 ◦C with shaking at 
250 rpm for 1 h. To select for transposon insertion clones, mixture was 
concentrated by centrifugation, spread onto LB agar plates containing 
50 μg/ml trimethoprim, and incubated for 24 h at 37 ◦C. Grown colonies 
were washed down in 1 ml LB medium and the whole library was stored 
in 15% glycerol at − 80 ◦C. 

2.6. Selection of phage resistant mutants 

100 µl of overnight culture after transposition (OD600 1) and 100 µl of 
either Pet-CM3–1 or Pet-CM3–4 phage (108 CFU/ml) was added to 800 
µl LB medium. Mixture was incubated by shaking at 180 rpm and 37 ◦C. 
Samples were collected after 0, 1, 2, 3, 4, 5, 6, 8, 24 h, diluted and spread 
on selective LB medium containing trimethoprim. Colonies from the 
plate with the largest growth inhibition were selected and tested for the 
phage resistance. 

2.7. Determination of transposon integration sites 

The transposon insertion sites were identified by modified single- 
primer PCR, as described elsewhere (Alvarez-Ordonez et al., 2014). 
Single-primer PCR was performed using either TnPCR-F or TnPCR-R 
primers under the following conditions: 2 min at 94 ◦C; 30 cycles of 
94 ◦C for 15 s, 60 ◦C for 30 s, 72 ◦C for 2 min; 30 cycles of 94 ◦C for 15 s, 
40 ◦C for 30 s, 72 ◦C for 2 min; 30 cycles of 94 ◦C for 15 s, 60 ◦C for 30 s, 
72 ◦C for 2 min; 7 min at 72 ◦C. PCR products were purified and Sanger 
sequenced using either DHFR-F or DHFR-R primers. Sequences were 
mapped to C. malonaticus KMB-72 genome and on GenBank database 
(NCBI). Alternatively, transposon integration site was determined by 
whole genome sequencing. 

2.8. Construction of complementation plasmids 

Construction of pBAD-waaL and pBAD-wzzE: The vector pBAD-gfp 
(Crameri et al., 1996) was used as a template in PCR with primers 
delGFP-F/delGFP-R and Phusion High-Fidelity DNA Polymerase. The 
PCR product was ligated, resulting in pBADdelGFP plasmid. The waaL 
and wzzE inserts were amplified from C. malonaticus KMB-72 genomic 
DNA by primers waaLF/waaLR and wzzEF/wzzER. PCR products were 
digested with EcoRI/KpnI and KpnI/SphI respectively and cloned into 
pBADdelGFP digested with the same enzymes. The ligation mixtures 
were transformed into E. coli DH5α. 

Construction of pACYC-waa: the waa operon was amplified from 
C. malonaticus KMB-72 genomic DNA using primers IF-waa-117F and IF- 
waa-5250R. Vector DNA (origin, Cm cassette) was amplified from the 
pACYCDuet1 (Novagen) with primers Vec-pACYCf and Vec-pACYCr. 
The In-Fusion® HD Cloning Plus Kit (Takara) was used for direct 
joining of the resulting fragments into recombinant pACYC-waa 
plasmid. 

All primers used in the study are listed in Table S1. 

3. Results 

3.1. Bacteriophage isolation and the host specificity 

In this study, four bacteriophages were isolated from sewage. Pet- 
CM3–4 bacteriophage grown on C. malonaticus KMB-72 possessed the 
broadest host specificity. Three other related phages (vKMB17, vKMB19 
and vKMB20) were isolated on Enterobacter strains. Pet-CM3–1 
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bacteriophage was unintentionally isolated during Pet-CM3–4 purifi-
cation when the phage was purified from one plaque and the reduced 
host specificity of the preparation was later noticed. 

The phage host specificity was tested on collection of 15 Cronobacter 
and 22 Enterobacter strains (Table 1). The zones of lysis were observed in 
all Cronobacter and 95% Enterobacter strains infected by Pet-CM3–4 
phage, but single plaques were observed only in 53% Cronobacter and 
59% Enterobacter strains. The vKMB17, vKMB19 and vKMB20 phages 
had substantially narrower host spectrum as lysis was present in 7–33% 
Cronobacter and 32–68% Enterobacter strains in tested set. 

The mutant Pet-CM3–1 phage possessed narrowed host spectrum 
comparing with Pet-CM3–4 as only 13% Cronobacter and 59% 
E. cloaceae strains were infected by this phage (Table 1). We also 
observed faster formation of phage-resistant bacteria during Pet-CM3–1 
infection of sensitive C. malonaticus KMB-72 strain compared to Pet- 
CM3–4 phage (Table S2, Fig. S1). 

All phages formed small clear plaques on double agar plates (Fig. S2), 
Pet-CM3–1 mutant produced slightly bigger plaques then the other 
phages (Table S3). The one step growth curve of all phages showed 
similar paramethers, the life cycle was rather short (20 min latent period 
and 30–35 min whole cycle) with relatively small burst size of 17–61 
phages per bacterial cell (Table S3, Fig. S3). 

3.2. Genome sequence of the phages 

DNA sequence from the Pet-CM3–4 phage contained 172 060 bp and 
39.8% GC pairs. Annotation detected 284 protein coding genes (orfs) 
and 19 tRNA genes. The vKMB17, vKMB19 and vKMB20 phages showed 
high DNA similarity and colinear genomes to Pet-CM3–4 (Fig. 1). We 
found two relative phage genomes deposited in GenBank database; 
CC31 (GU323318.1) and PG7 (KJ101592.1). The Pet-CM3–4 phage 
showed 83% and 89% similarity at DNA level and shared 252 (89%) and 
262 (92%) common proteins with the CC31 and PG7 phages 

respectively. The vKMB17, vKMB19 and vKMB20 had average nucleo-
tide similarity 82%, 94% and 79% to Pet-CM3–4 DNA and shared 87%, 
94% and 85% ORFs whereas genes unique to particular phages encoded 
mostly hypothetical proteins (Fig. 1). Genome based tree separated 
phages into two clusters, the first one contained Pet-CM3–4 with 
vKMB19, the vKMB17 and vKMB20 phages created the second cluster 
and the reference phages were localized on separate branches (Fig. 2). 
According to these analyses the newly isolated phages have been 
assigned to the genus Karamvirus of the subfamily Tevenvirinae. 

The isolated phages contained no genes encoding for antibiotic 
resistance and virulece factors which could potentially enhance fitness 
of its bacterial hosts. In accordance with Tevenvirinae strictly virulent life 
mode, no integrases and lysogeny modules were present. 

3.3. Tail fiber adhesins of Pet-CM3–4 phage 

In the next part of the study we compared genomes of Pet-CM3–4 and 
its host range mutant Pet-CM3–1 in greater detail. Six missense muta-
tions were revealed localized in gp6 (hypothetical protein), gp50 
(recombination-related endonuclease), gp165 (baseplate wedge subunit 
and tail pin), gp167 (short tail fiber protein), gp171 (proximal tail sheath 
stabilization protein) and gp264 (tail fiber adhesin). Based on gene 
functions we proposed that the K163Q substitution in gp264 gene 
encoding for the long tail fiber adhesin was a source of the reduced Pet- 
CM3–1 host specificity. 

To confirm this hypothesis, we compared infection of Pet-CM3–1 and 
Pet-CM3–4 phages on two strains; C. malonaticus KMB-72 which was 
used for the phage amplification and C. malonaticus KMB-33 which was 
sensitive to Pet-CM3–4 phage but resistant to Pet-CM3–1 infection when 
measured on double agar plates. Both strains possessed quite similar 
genomes with approximately 91% homologous proteins and 98.22% 
ANI value, but differed in their serotype. 

We observed that overnight incubation of the Pet-CM3–1 with 

Fig. 1. Genome comparison of Pet-CM3–4, vB-EclM_KMB17, vB-EclM_KMB19 and vB-EclM_KMB20 phages. Analysis and visualization were performed in Easyfig.  
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C. malonaticus KMB-33 in liquid medium repeatedly produced a small 
fraction of phages which were able to infect this strain. We isolated six 
phage mutants and sequenced their gp264 genes. We detected 1–3 amino 
acid substitutions in hypervariable regions of gp264 in each mutant 
(Fig. 3a). All mutants together with Pet-CM3–4 and Pet-CM3–1 phages 
were able to infect C. malonaticus KMB-72, but they differed in their 
ability to form plaques on C. malonaticus KMB-33; three possessed 
similar or higher EOP (efficiency of plating) values as Pet-CM3–4, one 
showed reduced level of EOP and two mutants did not form any plaques 
on C. malonaticus KMB-33 (Fig. 3b). Mutants differing in gp264 sequence 
displayed various adsorption to the host cells which mostly correlated 
with the plaque formation ability. A higher adsorption to C. malonaticus 
KMB-72 (71–100%) comparing to C. malonaticus KMB-33 (12–86%) was 
observed in all tested phages and the original Pet-CM3–4 phage 
possessed highest adsorption to both tested strains (Fig. 3c). 

3.4. Bacterial receptors of Pet-CM3–1 and Pet-CM3–4 phages 

3.4.1. Selection of phage resistant mutants 
The bacterial receptors involved in adsorbtion of Pet-CM3–1 and Pet- 

CM3–4 phages were analyzed by using a transposon mutant library of 
the C. malonaticus KMB-72 strain. Aproximately 8000 clones with 
randomly inserted EZ-Tn5™ transposon were prepared and phage- 
resistant mutants were selected from pooled library in liquid media 
after Pet-CM3–4 or Pet-CM3–1 challenge. Next, the transposon inte-
gration sites were determined in randomly selected clones. We observed 
high frequency of the transposition into an operon consisting of four 
genes encoding for putative glycosyltransferases and O-antigen ligase 
involved in LPS biosynthesis (designated waa operon). Overall 27 mu-
tants selected under both Pet-CM3–4 and Pet-CM3–1 selection contained 
transposon at this site. Glycosyltransferase waa2 and O-antigen ligase 
waaL were preferential transposon integration sites in this region 
(Fig. 4b). Eleven mutants contained transposon localized in rfb operon 
encoding synthesis of O-antigen polysaccharide, ten from these mutants 
were isolated under Pet-CM3–1 selection. Transposons were inserted in 
L-rhamnose biosynthesis (rmlD, rmlC) and in rhamnosyltransferase 
(wepI, Fig. 4c) genes. Two clones selected under Pet-CM3–1 phage 
infection contained transposon integrated in enterobacterial common 
antigen (ECA) gene cluster, namely wecA gene encoding for the 
undecaprenyl-phosphate-GlcNAc-phosphate transferase and wzzE gene 
encoding for the putative regulator of polysaccharide length (Fig. 4d). 
The remaining twelve integration sites were localized in several tran-
scription regulators, transporters and membrane associated genes as 
well as genes encoding for metabolic enzymes. 

3.4.2. Characterization of phage resistant mutants 
Selected mutants with inactivated waa, rfb or ECA genes were 

characterized by EOP and adsorption assays. We observed that the 
majority of mutants were still sensitive to Pet-CM3–4 infection although 
with slighty decreased EOP. The only two strains resistant to Pet-CM3–4 
phage contained mutations localized in waa operon. In adition to waa 

mutants Pet-CM3–1 infection was also protected by transposon insertion 
in the rfb operon and wecA gene from ECA operon (Fig. 5a). Importance 
of rfb cluster for Pet-CM3–1 infection was supported by inability of this 
phage to infect C. malonaticus KMB-33 strain which had serotype CMa- 
O:2 comparing to CMa-O:3 serotype of C. malonaticus KMB-72. 

In accordance with the decreased EOP, Pet-CM3–4 and Pet-CM3–1 
phages showed significantly reduced adsorbtion to transposon mutants: 
Pet-CM3–4 to wzzE and waa genes and Pet-CM3–1 to all tested mutants 
(Fig. 5b). 

We used plasmid complementation to confirm the function of 
transposon inactivated genes in the phage sensitivity. We observed 
increased EOP values in complementation mutants, though their EOP 
reached only 2–70% values of the wilde type strain (Fig. 6a). The almost 
complete restoring of phage adsorption was detected in waa mutants 
after complementation of the waa operon present on pACYC-waa 
plasmid (Fig. 6b). Similar results were also obtained by complementa-
tion of waaL mutant with the plasmid encoding waaL gene. Good 
complementation of adsorption as well as EOP was reached by wzzE 
mutant complemented with a wzzE plasmid (Fig. 6b). 

4. Discussion 

Infections caused by Enterobacter and Cronobacter strains pose 
serious health risks for immunocompromised individuals including ne-
onates. Bacteriophages offer a safe approach for phage therapy and for 
eliminating pathogens in food. However, before being applied, selected 
bacteriophages must be characterized in detail to ensure safe and reli-
able effects (Moye et al., 2018; Ghosh et al., 2019). 

In the present study, we characterized four closely related bacterio-
phages infecting Enterobacter and Cronobacter. The phages belonged to 
the subfamily Tevenvirinae which is extremely widespread group 
currently containing eleven genera and its members differ significantly 
in their host range (Grose and Casjens, 2014; Adriaenssens et al., 2018). 
The newly isolated phages showed high genome similarity to Escher-
ichia phage CC31 and Enterobacter phage PG7, two previously 
described phages of Karamvirus genus (Petrov et al., 2010; Grose and 
Casjens, 2014). 

We observed that the isolated phages greatly differed in their host 
specificity as phages primarily isolated on Enterobacter hosts (vKMB17, 
vKMB19 and vKMB20) showed narrower host range comparing to the 
Pet-CM3–4 phage which was isolated on a C. malonaticus strain 
(Table 1). However, Pet-CM3–1 phage, a spontaneous mutant of Pet- 
CM3–4 possessing reduced host specificity especially against Crono-
bacter and in a lesser extent also against Enterobacter was isolated during 
laboratory cultivations. 

By comparative genome analysis of Pet-CM3–1 and Pet-CM3–4 
phages six missense mutations were found, four of them were localized 
in tail structures. Adhesin of Tevenvirinae phages is localized on the 
distal tip of long tail fibers and it is encoded by C-terminal part of gp37 
gene in T4 phage but in adjacent gp38 gene in T2 phage, this organi-
zation is present also in Pet-CM3–4 (Trojet et al., 2011; Bartual et al., 

Fig. 2. Phylogenomic tree of Pet-CM3–4 related phages. Phage genomes were compared by Genome-BLAST Distance Phylogeny (GBDP) method by Victor web 
resource (http://ggdc.dsmz.de/victor.php). The tree is based on amino acid comparison using the formula D4. Sequences of CC31(GU323318.1) and PG7 
(KJ101592.1) phages were used as references. 
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Fig. 3. Comparison of Pet-CM3–4 and its gp264 long tail fiber adhesin mutants. Comparison of gp264 sequences (GRM – glycine-rich motifs, HVS – hypervariable 
sequences) (a), EOP of mutant phages on C. malonaticus KMB-33 comparing to C. malonaticus KMB-72 (b), Adsorption of mutant phages on C. malonaticus KMB-72 and 
C. malonaticus KMB-33 (c). 
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2010). Many studies proved that minor mutations in variable regions of 
adhesins changed the host range of Tevenvirinae phages by altered 
adsorption (Trojet et al., 2011; Chen et al., 2017; Pham-Khanh et al., 
2019; Suga et al., 2021; Salem et al., 2021). Therefore, we proposed that 
lysine to glutamine substitution in the long tail fiber adhesin was the 
reason of the Pet-CM3–1 reduced host specificity. This observation was 
confirmed by significantly reduced adsorption of Pet-CM3–1 to 
C. malonaticus KMB-33 and by presence of adhesin mutations in phages 
with reverted ability to infect this strain (Fig. 3). Positively charged 
amino acid residues in hypervariable regions are probably important for 
adhesion to C. malonaticus KMB-33 as mutants containing lysine or 
arginine at position 163 and one mutant with lysine at site 229 showed 
the highest adsorption to this strain. Our results correspond to obser-
vations in other studies that single amino acid mutations in hypervari-
able regions of adhesins of Tevenvirinae phages are able to substantially 
change their host specificity (Trojet et al., 2011; Chen et al., 2017; Suga 
et al., 2021). It was also shown that hypervariable regions on S16 phage 
adhesin have a net preference for polar and aromatic amino acids, 
possibly involved in making high-affinity contacts with the bacterial 
receptor (Dunne et al., 2018). 

In the next part of the study we focused on identification of bacterial 
receptors of Pet-CM3–1 and Pet-CM3–4 phages by characterization of 
phage-resistant mutants from transposon library of C. malonaticus KMB- 
72. Several outer membrane proteins and LPS were described as bacte-
rial receptors of Tevenvirinae phages and some phages recognize more 
than one host receptor, such as T4 that recognizes both OmpC and LPS 
(Trojet et al., 2011). In our study, most mutants selected under phage 
presence had transposon localized into waa operon containing four 
genes encoding for two glycosyltransferases, O-antigen ligase and lip-
ooligosaccharide phosphoetanolamine transferase (Fig. 4b). Genes 

waa1, waa2 and waaL were absent from C. malonaticus KMB-33 and were 
present in only 18% Cronobacter genomes in Cronobacter MLST database 
belonging to several species and serotypes. O-antigen ligase catalyses 
formation of glycosidic bond between undecaprenyl diphosphate linked 
O-antigen and teminal saccharide of LPS core oligosaccharide, deletion 
of this gene leads to formation of rough strains (Ruan et al., 2012). 
Accordingly to this function we observed absence of O-antigen repeats in 
LPS from waaL mutant on SDS-PAGE (data not shown). Four mutants 
with transposon localized in this region were analyzed in detail, all of 
them adsorbed phages weaker than the wild type strain and two do not 
form plaques on double agar plates (Fig. 5). LPS core oligosaccharide 
was detected as receptor also for three Yersinia Tevenvirinae phages 
(Salem et al., 2021). 

Another large group of transposon mutants had interruptions in rfb 
gene cluster encoding for synthesis of O-antigen polysaccharide 
belonging to serotype of C. malonaticus O:3 (Sun et al., 2012). Selected 
phage-resistant mutants had insertions in L-rhamnose biosynthesis 
(rmlD, rmlC) and in rhamnosyltransferase (wepI, Fig. 4c) genes. By 
comparing host range, we observed that Pet-CM3–1 phage infect only 
C. malonaticus O:3 but not C. malonaticus O:2 strains and mutations in 
rhamnose biosynthesis genes protect host strains from infection. 
Therefore it is probable that Pet-CM3–1 phage uses rhamnose residues of 
C. malonaticus O:3 antigen as the attachment sites. On the other hand, 
Pet-CM3–4 phage infected strains belonging to different serotypes and 
rfb mutants of C. malonaticus KMB-72, therefore O-antigen is not the 
receptor of this phage. Rhamnose synthesis cluster is present in eleven of 
30 Enterobacter rfb operons described recently including two of the most 
frequent serotypes which cover around 50% Enterobacter strains (Li 
et al., 2020), this explains relatively high infectivity of Pet-CM3–1 in 
these bacteria. 

Fig. 4. Comparison of C. malonaticus KMB-72 
and C. malonaticus KMB-33 genomes and 
transposon insertion sites in C. malonaticus 
KMB-72 mutants isolated under phage infec-
tion. Comparison of whole KMB-72 and KMB- 
33 genomes (a), comparison of waa operon 
encoding for two glycosyltransferases and O- 
antigen ligase in C. malonaticus KMB-72 with 
corresponding region of C. malonaticus KMB-33 
(b), comparison of the rfb gene cluster (c) and 
comparison of the enterobacterial common an-
tigen operon (d). Transposon sites of mutants 
selected under Pet-CM3–4 (red arrows) and 
under Pet-CM3–1 (blue arrows) phages are 
shown.   
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Two transposon mutants contained transposon inserted in ECA gene 
cluster encoding for an common enterobacterial surface antigen 
(Fig. 4d). The wecA gene encodes for transferase which catalyze the 
synthesis of undecaprenyl-N-acetyl-glucosaminyl diphosphate, the first 
step of biosynthesis in many O-antigens containing GlcNAc (Lehrer 
et al., 2007). The other gene, wzzE, encodes for regulator of poly-
saccharide length (Ogrodzki and Forsythe, 2015). Bacteria mutated in 
these genes possessed reduced phage sensitivity, wecA mutant was 
resistant only to Pet-CM3–1, but inactivation of wzzE caused increased 
resitance to both phages (Fig. 5). Based on all our analyses we can 
conclude that LPS is the major receptor of both phages. C. malonaticus 
O:3 antigen is the receptor of Pet-CM3–1 phage and the Pet-CM3–4 
phage binds to structures of the LPS core region. These results contribute 
to our understanding of the biology and evolution of Tevenvirinae phages 
infecting Enterobacter and Cronobacter. 

5. Conclusion 

Four closely related bacteriophages from the subfamily Tevenvirinae 
infecting Cronobacter and Enterobacter strains were studied and factors 
influencing their host specificity were characterized. A single point 
mutation in the long tail fiber adhesin was observed as the source of 
substantial lowering of the phage host spectrum as the mutant phage 
Pet-CM3–1 was able to recognize only one specific O-antigen in com-
parison with the wild type phage Pet-CM3–4 which bound into the LPS 
core region present in broader group of Cronobacter and Enterobacter 
strains. 
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