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Abstract: The use of bacteriophage is reemerging as a tool for combatting multi-drug resistant 

bacterial infections. In our previous study, we showed that colistin resistant carbapenem-resistant 

Klebsiella pneumoniae (ColR-CRKP) is more susceptible to killing by lytic tailed phages, including 

ФNJS1 specific for nonmucoid K. pneumoniae. Although we demonstrated that alteration on surface 

charges of ColR-CRKP promotes phage adherence and infection, the receptor for ФNJS1 was still 

unknown. In current study, we identified O-antigen was involved in the reversible adsorption, and 

outer membrane protein (OMP) FepA may be served as one of the irreversible receptors for ФNJS1. 

We firstly found accelerated reversible phage adsorption to ColR-CRKP cells, and that periodate 

treatment of bacteria inhibited the phage binding, indicating LPS may be involved in phage 

reversible adsorption. ФNJS1-resistant bacterial mutants screening revealed that mutants in 

∆wecG(mTn5) and ∆wecA(mTn5), two genes responsible for LPS biosynthesis, affected phage 

adsorption capacity and phage infectivity. The loss of wzyE encoding O-antigen polymerase 

showed no significant difference in phage adsorption but increased phage infectivity, suggesting 

the long chain length of O-antigen may also be a barrier for bacteriophage infection. Among four 

OMP mutants including ∆fepA, ∆fhuA, ∆ompA and ∆ompC, only ∆fepA slowed phage lysis rate, 

suggesting FepA may be as one of irreversible receptors for ФNJS1. The results are helpful to better 

understand why ColR-CRKP sensitizes phage infection and to combat multi-drug resistant K. 

pneumoniae infections in the future. 
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1. Introduction 

Klebsiella pneumoniae (Kp), a Gram-negative bacillus of the Enterobacteriaceae family, is a 

leading cause of nosocomial infections globally, such as pneumonia, meningitis, and liver abscess. 

The emergence of K. pneumoniae strains that have acquired additional genetic traits and become 

either hypervirulent or antibiotic resistant has raised concerns [1]. Polymyxins (polymyxin B and 

colistin) are generally used as a last resort for the treatment of severe infections caused by 

multi-drug resistant (MDR) K. pneumoniae [2]. However, polymyxins resistance have been increasing 
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quickly between different countries and bacterial species especially since the discovery of the first 

plasmid-borne polymyxin resistance gene mcr-1 [3, 4]. Therefore, new strategies are urgently 

required to reverse colistin resistance in Gram-negative pathogens.  

A prominent way among these alternatives is phage therapy, the use of bacteriophages to kill or 

otherwise control the bacterial populations in infected hosts. The tailed phage makes specific 

contacts with surface receptors on its bacterial prey, using its tail or tail fibers, then coordinates with 

irreversible binding that ultimately leads to phage DNA release. Bacterial receptors belong to 

various biochemical families and are mainly represented by outer membrane proteins (OMP), 

capsule polysaccharides (CPS) and lipopolysaccharides (LPS) [5]. In the case of phage T4, the long 

tail fibers interact with LPS of Escherichia coli for reversible binding, while the short fibers are 

responsible for irreversible binding onto the heptose moiety of the host’s LPS [6]. For phage T1, the 

initial reversible binding to LPS could allow the phages to glide across the cell surface until they find 

protein FhuA involved in ferrichrome uptake, then initiate irreversible binding in a TonB-dependent 

way [7]. In such cases, the phage’s ability to mediate the irreversible adsorption by first binding 

reversibly to cell surface moieties, which are more exposed and easier to access, provides a beneficial 

advantage and effective way for phage infection [8].  

The development of antibiotic resistance often comes with a cost to biological fitness. In our 

previous study, we focused on the fitness costs of the membrane modifications associated with 

colistin resistance. We had demonstrated that both colistin and carbapenem resistant K. pneumoniae 

(ColR-CRKP) was significantly more sensitive to phage infection due to alteration of bacterial surface 

charges, and colistin resistance-enhanced phage infectivity is spread across ColR-CRKP strains and 

their phages. ФNJS1, a member of Tunavirinae, Siphoviridae family, is one of these well characterized 

phages specific for nonmucoid K. pneumoniae with an infection rate of 46.88% (15/32) [9]. However, 

the receptors for ФNJS1 is still poorly understood. In the present study, we sought out to identify the 

receptors for ФNJS1 by transposon libraries screen and phage tail fiber protein bioinformatics 

analysis. We found that O-antigen of LPS may not only a key but also be a barrier for bacteriophage 

infection. 

2. Results 

2.1 Accelerated reversible phage adsorption to ColR-CRKP cells 

Phage NJS1 was showed more infectious toward ColR-CRKP due to altered LPS among 

ColR-CRKP promoted phage adsorption [9]. To further test if the increased adsorption on Kp(mcr-1) 

is reversible or irreversible attachment under this condition, we tested desorption rate of phage 

particles that had adsorbed to cells. As shown in Figure 1, about 60% percent phage particles 

adsorbed to mcr-1 cells release at 37℃ but not at 0℃ (released particles <1.5%, data not shown), 

indicating that the LPS modification caused by mcr-1 accelerates reversible adsorption. 
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Figure 1. Adsorption and desorption of ФNJS1. Bacterial cells (108 CFU/ml) were incubated with 107 

PFU/ml phages in LB in a 37°C water bath for 10 min. Samples were withdrawn at the time points 

indicated and filtered through 0.22µm-pore-size filters. The PFU of free phages in filtrates was then 

determined by titration on Kp cells. Desorption of phage from the resuspended cells with 0℃ 
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buffered saline was followed by diluting 100-fold into saline, kept at 37℃ or 0℃ for control. At the 

times indicated, samples were withdrawn and centrifuged at 4℃ and the free phages released into 

the supernatant were determined. The mean of three independent assays is shown and error bars 

represent the standard deviation. ****: P<0.0001 (2-way analysis of variance [ANOVA]). 

Table 1 Bacteriophage, strains and plasmids used in this study. 

Bacteriophage/strains/plasmid Genotype/relevant feature Source/reference 

Bacteriophage   

ФNJS1 Phage specific for nonmucoid Kp with 

enhanced infectivity on ColR-CRKP 

[9] 

   

Baterial strains   

K. pneumoniae   

A2312NM nonmucoid phenotype strain from feces, ST11, 

K47, KPC-2, SmR, AmpR 

[9] 

∆wecG(mTn5) transposon inserted in wecG at +709/+622 (741 

bp), KmR, derived from A2312NM 

this study 

∆wecA(mTn5) transposon inserted in wecA at +953 (1104 bp), 

KmR, derived from A2312NM 

this study 

∆wzyE in-frame deletion wzyE replaced with Km 

gene, derived from A2312NM 

this study 

∆fepA 

KmR, insertional mutant with pVIK112 

derived from A2312NM 

 

this study 
∆fhuA 

∆ompA  

∆ompC 

A1806M mucoid phenotype strain from feces, ST1493, 

NDM-1 

[9] 

A1806NM nonmucoid variants derived from A1806M this study 

A1806(∆wza) derived from A1806M, nonmucoid phenotype, 

KmR 

this study 

   

Plasmids   

pVIK112 Suicide vector, KmR  [10] 

pRL27 KmR with mTn5 transposon  [11] 

pACBSR-Hyg  Cloning vector, hygromycin resistance. [12] 

pFLP-Hyg Cloning vector, hygromycin resistance. [12] 

2.2 ФNJS1 infects restricted nonmucoid strains 

All K. pneumoniae isolates among the host range of ФNJS1 produce a nonmucoid phenotype 

with a small black colony on Congo red agar plate (CRA), whereas their mucoid strain that cannot be 

lysed by ФNJS1formed white or pink colonies (Figure 2A). Moreover, the CPS mutant ∆wza derived 

from A1806M strain, and the nonmucoid variants isolated from static growth condition, were both 

can be lysed by ФNJS1, whereas their mucoid strain A1806M was insensitive to ФNJS1 infection 

(Figure 2B). We can speculate that CPS may block receptors to be exposed on the cell surface for 

phage attachment. 
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Figure. 2 (A) Representative colony phenotype of nonmucoid (left, black colonies) and mucoid (right, 

white or pink colonies) Kp grew on Congo-red agar plate. The strains were inoculated in streaks and 

incubated at 37 °C under aerobic conditions for 18 hr. (B) Phage NJS1 infectivity on mucoid, 

nonmucoid and a CPS mutant ∆wza of CRKP A1806 isolate. Approximately 108 CRKP cells alone, or 

CRKP cells mixed with phages (MOI=10-4), were incubated aerobically at 37°C. Samples were 

withdrawn at the time points indicated, and OD600 was measured.  

2.3 LPS may be as the receptor for ФNJS1 

Since colistin resistance-mediated Kp surface modification sensitizes ФNJS1 infection, it was 

important to test whether the degradation of cell surface proteins, LPS or CPS could destroy the 

ФNJS1 receptors. To better differentiate the adsorption capacity of ФNJS1 after proteinase K or 

periodate treatment, Kp(mcr-1) was used as control for ФNJS1 increased adsorption ability on it. As 

seen in Figure 3A, the adsorption capacity to Kp(mcr-1) cells were not affected after proteinase K 

treatment, suggesting protein structure of bacteria surface may not affect the reversible adsorption 

of ФNJS1. However, incubation of Kp(mcr-1) cells in the presence of 50 mM sodium acetate or 10 mM 

periodate abolished ФNJS1 binding ability significantly. Acetic acid results in mild hydrolysis of LPS 

and the release of the complete core, while periodate degrades carbohydrates containing a 1, 2-diol 

motif in bacteria structure [13, 14]. So, we can speculate that the reversible receptor for ФNJS1 is 

most likely a carbohydrate structure in LPS core or the O-antigen. 

2.4 ФNJS1-resistant bacterial mutants 

To determine the host receptor of ФNJS1, we constructed CRKP A2312NM transposon-insertion 

library for phage-resistant mutant screening. After substantial efforts, we got two mutants among 

107 clones: ∆wecG(mTn5), which was inserted by mTn5 transposon at two sites from two libraries, 

and ∆wecA(mTn5) which was completely resistant to ФNJS1. Both two genes are involved in LPS 

biosynthesis: wecA catalyzes the synthesis of Lipid Ⅰ (GlcNAc-PP-C55) and provides receptors for the 

subsequent addition of O antigen sugar groups [15]. Gene wecG encodes 

UDP-N-acetyl-D-mannosyltransferase, which catalyzes the synthesis of Lipid II [16]. The EOP of 

ФNJS1 on ∆wecG was still around 1(data not shown), indicating ∆wecG affected the infection rate of 

ФNJS1 but not the progeny phage particles. The adsorption capacity of ФNJS1to both ∆wecG(mTn5) 

and ∆wecA(mTn5) reduced significantly compared with that to WT CRKP by counting unadsorbed 

phages in the filtrates (Figure 3B). As shown in Figure 3C, ФNJS1 lysed ∆wecG(mTn5) considerably 

slower than WT CRKP, and no decrease in OD600 was observed on group of ∆wecA(mTn5) treated 

with phage. These results suggested that LPS of CRKP was involved in ФNJS1 adsorption and 

O-antigen may be essential for ФNJS1 reversible adsorption. 
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Figure 3 (A). Effects of different treatments of bacteria on ФNJS1 adsorption. Stationary cells were 

treated with proteinase K (0.2 mg/ml; Promega), sodium acetate (50 mM; pH 5.2) or periodate (10 

mM) for 2 hr. The cells were washed with saline and suspended in LB, then the phage adsorption 

assay was carried out as described above. *: P<0.05 (one-way ANOVA); ****: P<0.0001; ns: no 

significance. (B). ФNJS1 adsorption to ∆wecA and ∆wecG. Bacterial cells (108 CFU/ml) were incubated 

with phages (107 PFU/ml) at 37°C for 5 min in LB medium. Binding was stopped by filtration and the 

number of unbound phages in the supernatant was determined by titration on Kp cells. **: P<0.005; 

***: P<0.001 (one-way ANOVA). (C). ФNJS1 infectivity dynamics on ∆wecA and ∆wecG. 

Approximately 108 Kp cells alone, or Kp cells mixed with phages (MOI=10-4), were incubated 

aerobically at 37°C. Samples were withdrawn at the time points indicated, and OD600 was measured. 

****: P<0.0001(2-way ANOVA). 

 

Figure 4 ФNJS1 adsorption capacity and infectivity on ∆wzyE. (A). ФNJS1 adsorption to ∆wzyE. (B). 

ФNJS1 infection dynamics on wildtype and ∆wzyE. The host bacteria were infected with phages at a 

MOI of 0.0001 at 37℃. Samples were withdrawn at the time points indicated, and OD600 was 

measured. ****: P<0.0001(2-way ANOVA). 

2.5 O-antigen long chain protects bacteria from phage infection 

To examine the role of O-antigen in ФNJS1 infection, we engineered an in-frame deletion 

mutant in wzyE gene which encodes [17]. The inactivation of WzyE leads to a single trisaccharide 

unit attached to the lipid A core. We then assayed phage adsorption ability and infectivity on the 

mutant ∆wzyE. The results showed that the loss of O-antigen polymerase did not affect the reversible 

adsorption capacity of ФNJS1(Figure 4A). However, ∆wzyE was lysed by phage more efficiently than 

the wildtype (Figure 4B), suggesting irreversible adsorption ability on it may be enhanced for 

shorter O-antigen chain allowing phage tail fiber to attach second receptors more efficiently.  

2.6 Identification of phage irreversible receptor 
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Some T1-like phages can utilize outer membrane protein (OMP), such as transporter protein 

FhuA [18], FepA [19], OmpA [20] and OmpC [21], as their receptor. Since we did not obtain any 

related OMP mutants after substantial efforts in screening transposon libraries, we then constructed 

above four OMP mutants and examined ФNJS1 infectivity on them. All the EOP of ФNJS1 on these 

four OMP mutants were still around 1(data not shown). Phage lysis assay (Figure 5) showed that 

∆fhuA, ∆ompA and ∆ompC had no influence on phage infectivity except for ∆fepA which just slowed 

phage lysis rate, suggesting FepA may be as an irreversible receptor for ФNJS1.  
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Figure 5 ФNJS1 infection dynamics on different OMP mutants. Bacterial cells (108 CFU/ml) were 

incubated aerobically with 107 PFU/ml phages in LB at 37°C. Samples were withdrawn at the time 

points, and OD600 was measured. ****: P<0.0001; ns: no significance. (one-way ANOVA).  

2.7 Phage tail fiber sequence analysis 

For ФNJS1 belongs to the Tunavirinae subfamily, we then compared the central fiber protein 

(CFP, S1_041) and side fiber protein (SFP, S1_042) sequence of ФNJS1 with PSI-BLAST. The CFP, 

S1_041) responsible for irreversible phage binding to receptor, including baseplate hub protein 

domain (BHP), unknown tail domain and receptor binding protein domain (RBP), shows 56.02% 

sequence identity with fibA of T1. However, its SFP showed only 31.36% sequence identity with that 

of phage T1, but 70.86% sequence identity with Escherichia phage T5 of L-shaped tail fiber (LTF, pb1) 

(Figure 6). This unknown tail domain which is found in various bacteriophage host specificity 

proteins, can be found in tip attachment protein J from Enterobacteria phage lambda. It attaches the 

virion to the host receptor LamB, inducing viral DNA ejection [22]. Bacteriophage T5 binds to the 

polymannose O-antigens of E. coli LPS [23] and the structure of the receptor-binding 

carboxy-terminal domain of LTF is well studied [24], providing support for O-antigen as ФNJS1 

reversible receptor. 

 

Figure 6 Arrangement of the tail tip genes in the siphophages NJS1, T1, λ and T5. Genes or part of 

them predicted to encode the same functions are depicted in the same color: tape measure protein 

(TMP), violet; Distal tail proteins (Dit), orange; central fiber protein (CFP): including BHP (orange 

yellow), unknown tail domains (yellow) and RBP (cyan); SFP (Stf or fibB) side tail fibers, green. The 

proteins L, K, and I (gray) are known to be part of the tail tip complex, but their location is unknown. 

Schematic representation of NJS1 tail architecture based on the description of λ and T5 structural 

proteins (right). 
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3. Discussion 

K. pneumoniae is an important nosocomial pathogen that causes a wide range of community- 

and healthcare-associated infections. We previously reported that the covalent modifications of LPS 

for colistin resistance accelerated the rate of phage adsorption to ColR-CRKP [9]. The process of 

phage adsorption is a combination of physical diffusion, biochemical surface interactions, and 

reaction-induced conformational changes in receptor proteins [25]. Based on the data before, the 

model of ФNJS1 adsorption to CRKP or ColR-CRKP changed from sequential model to the 

adsorption efficiency mode, we then firstly suggested that the significantly decreased phage 

particles in the filtrates was due to increased reversible adsorption level. The LPS modification 

caused by colistin resistance results in lowering the level of electrostatic repulsion between the 

phage and bacteria, thereby promoting phage adherence and infection [9].    

Since all K. pneumoniae isolates that can be lysed by ФNJS1 produce a nonmucoid phenotype 

including a CPS mutant ∆wza, we therefore hypothesized CPS may block receptors to be exposed on 

the cell surface for phage attachment. Some work has suggested that K. pneumoniae strains with the 

K1, K10, and K16 antigens can mask their LPS [1]. As an attempt to further characterize the receptors 

needed for ФNJS1 adsorption, bacteria treated with periodate prior to the phage adsorption assay 

showed that a carbohydrate structure is the receptor for ФNJS1. Since the enterobacterial common 

antigen cannot be destroyed by periodate treatment and CPS may block phage recognition, this 

carbohydrate is mostly likely LPS. The loss of WecA and WecG involved in LPS biosynthesis 

affected phage adsorption capacity and phage infectivity, whereas the O-antigen long chain 

shortened to trisaccharide repeat units for the loss of wzyE results in increased infectivity of ФNJS1. 

The Klebsiella O-antigen comprises polymannans, polygalactans or heteropolymers with a repeat 

unit structure, and there have been only 9 different O-antigen types identified in K. pneumoniae 

isolates [1]. The inactivation of WecA results in the loss of polymer and “primer” consisting of 

undecaprenyl pyrophosphoryl (und-PP)-linked GlcNAc, indicating the O-antigen plus the GlcNAc 

acceptor were indispensable for phage adsorption and subsequent infection. Besides, the mutation 

of wecG slowed the adsorption capacity and infection rate of ФNJS1 significantly, demonstrating 

GlcNAc-ManNAcA carbohydrate may play an important role in phage attachment. The LPS O-chain 

length is crucial for the biology of Klebsiella because it contributes to resistance to 

complement-mediated serum killing [26]. Interestingly, in the current study, we found that the 

O-antigen long chain shortened to the trisaccharide unit for the loss of wzyE results in increased 

infectivity of ФNJS1. For phage adsorption capacity was not affected, demonstrating a new role of 

long chain length of O-antigen was to provide an effective barrier against phage infectivity. To our 

knowledge, only O-acetylation was reported to provide protection of the host cells against attack by 

phages [27]. These results indicate O-antigen of LPS may not only a key but also be a barrier for 

bacteriophage infection. Maybe the identification of O-antigen type in the future could help to 

understand the host range of ФNJS1 and be beneficial for phage therapy application in nosocomial 

infections. 

T1-like phages recognize bacterial hosts via adhesin tips of their long tail fibers with reversible 

binding to cells prior to infection. The tail fiber adhesin sequences are highly variable in both their 

sequence and specificity for bacterial receptors [28]. Although ФNJS1 belongs to T1-like genus, the 

CFP responsible for irreversible adsorption is homologous to that of phage T1, but its SFP shows 

high sequence identity to that of phage T5. Interaction of the receptor-binding protein (RBP, pb5) of 

T5 with its specific receptor, ferrichrome outer membrane transporter (FhuA), triggers DNA ejection. 

Phage T5 has three additional L-shaped tail fibers that consist of pb1 binding to polymannose O 

antigen to increase adsorption [24, 29, 30]. In T5-like phages, such as coliphages DT57C and DT571/2, 

this interaction is required for their CFP to successfully reach vitamin B12 transporter BtuB [31]. The 

CFP of ФNJS1 is highly homologous to Klebsiella phage GH-K3, and OmpC is essential for GH-K3 

infection [21]. However, the loss of OmpC has no significant difference in ФNJS1 infection. FepA 

serves as the surface receptor for Escherichia virus H8 that also requires TonB for infectivity (16). 

Here we found the inactivation of FepA just slowed the infection rate of phage, so other OMPs 

which may be important for bacteria growth were likely to be targeted by ФNJS1. Another evidence 
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was that no any OMP mutants were found in our substantial efforts of phage-resistant screen. There 

is a disadvantage of using transposon technology to screen genes related to phage receptors, that is if 

two or more receptors can be utilized by phage, it is difficult to screen the suspected genes. In fact, it 

has been demonstrated that phages can use more than one receptor to recognize hosts. For instance, 

Shigella Sf6 infection utilizes either OmpA or OmpC, with OmpA being the preferred receptor [20].  

4. Materials and Methods  

4.1 Bacterial strains and growth conditions 

The bacteriophage, bacterial strains, and plasmids used in this work are described in Table 1. 

All K. pneumoniae strains were cultured in LB media unless otherwise stated. When appropriate, 

antibiotics were used as follows: ampicillin: 100 μg/ml, streptomycin: 100 μg/ml, kanamycin: 50 

μg/ml, polymyxin B: 2 μg/ml in liquid culture and 5 μg/ml on agar plate. For transconjugant 

selections, LB agar plates supplemented with the appropriate antibiotics were used. Unless 

otherwise stated, K. pneumoniae and phage cultures were incubated at 37℃. 

4.2 Bacteriophage adsorption and desorption assays 

Bacteriophage adsorption experiments were carried out at 37℃ in LB medium with a little 

modification as described previously [32]. Briefly, stationary K. pneumoniae cells were resuspended 

into LB medium at desired concentration. Phages (2×107 PFU/ml) were incubated together with host 

cells 2×108 CFU/ml at 37°C in LB medium. Samples were withdrawn at the indicated time points and 

filtered with 0.22 μM filters immediately. Unadsorbed phages in the filtrates were determined by 

titration on the double-layer agar.  

Desorption of phage from the resuspended cells with 0℃ buffered saline was followed by 

diluting 100-fold into saline, kept at 37 ℃ or 0℃ for control. At the times indicated, samples were 

withdrawn and centrifuged at 4℃  and the free phages released into the supernatant were 

determined. 

4.3 Differentiation of mucoid and nonmucoid isolates 

To differentiate the mucoid and nonmucoid phenotype isolates, strains were inoculated in 

streaks on BHIA (Difco) with 0.08% (w/v) Congo red (Sigma-Aldrich, Germany) supplemented with 

5% (w/v) sucrose and incubated at 37°C under aerobic conditions for 18 hours [33]. 

4.4 Periodate and proteinase K treatments 

To test whether proteinase K treatment or periodate can affect ФNJS1 adsorption, 1 ml of 

stationary Kp cultures in saline (108 CFU/mL) was treated with proteinase K (>=600 U/ml; Takara) at 

37°C for 1 h and washed with saline twice, and the phage adsorption assay was performed as 

described above. In order to study whether periodate can destroy the phage receptor, 1ml of 

stationary Kp culture (108 CFU/mL) was centrifuged at 10,000 g for 2 min, and the bacterial pellet 

was suspended into 1 ml sodium acetate (50 mM; pH 5.2) or 10 mM periodate. The cells were 

incubated for 1 h (protected from light), then centrifuged as described above. After washing and 

centrifuging again, cells were resuspended in saline. The phage adsorption assay was carried out as 

described above. To confirm that the possible effect was not due to incubation at 37°C, a control 

without any reagent addition was included. 

4.5 Phage resistant mutants screen 

To screen phage resistant mutants, E. coli BW20676 harboring pRL27 [11] and 

carbapenem-resistant K. pneumoniae A2312NM were used as donor and recipient strains, 

respectively. Kanamycin-resistant transconjugants were grown in LB broth containing phage of 105 

PFU/mL at 37 ℃ for 5-7 hours, then cells were centrifuged and resuspended into new LB media for 

another 5-7 hours of phage lysis. Survival mutants were spread on selected LB agar plates. K. 

pneumoniae A2312NM treated with phage lysis using above the same method was used as control. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 July 2020                   



 9 of 12 

 

Suspected colonies were purified by streaking on the plate and confirmed by spot tests with phage 

suspensions. The transposon insertion site of the mutant was determined by arbitrary PCR and 

sequencing.    

4.6 Construction of LPS and OMP mutants 

Gene deletions in K. pneumoniae were constructed by replacing the gene of interest with a 

kanamycin resistance cassette FRT-Km-FRT by recombineering using pACBSR-Hyg as described in 

[12, 34]. Plasmid pVIK112 was used as the template for the FRT-Kan-FRT segment for the ΔwzyE 

strain. Antibiotic resistance cassettes flanked by FLP recombinase target (FRT) sites were removed 

using pFLP-Hyg. All OMP mutants were constructed by cloning internal fragments of interest gene 

into pVIK112 [10]. The resulting plasmids were then introduced into CRKP A2312NM by 

conjugation and integrated into the interest gene locus.  

4.7 Phage lytic activity  

Overnight cultures of K. pneumoniae wild type and mutants were inoculated at 1:1000 into LB 

medium with appropriate antibiotics and grew at 37°C 180 rpm for 6 hours. Bacterial cells were 

centrifuged and washed with LB medium, then resuspended with fresh LB medium to 

approximately 109 CFU/mL. Approximately 108 K. pneumoniae cells alone, or K. pneumoniae cells 

mixed with phages (MOI=10-4), were incubated aerobically at 37°C. Samples were withdrawn at the 

time points indicated, and OD600 was measured. 

5. Conclusions 

In conclusion, this study showed that O-antigen were likely to be the reversible receptor for 

Klebsiella phage NJS1 and FepA may be as one of its irreversible receptors. We also discovered that 

the long chain length of O-antigen may protect bacteria from phage infection. The results also 

provide a reference for the phage that showed increased infectivity to colistin-resistant bacteria. 
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Abbreviations 

ColR-CRKP colistin resistant carbapenem-resistant Klebsiella pneumoniae 

MDR multi-drug resistant 

OMP outer membrane protein 

CPS capsule polysaccharide 

LPS lipopolysaccharide 

CRA Congo red agar 

FRT FLP recombinase target 

TMP tape measure protein  

CFP central fiber protein 

SFP side fiber protein 

RBP receptor binding protein 

LTF L-shaped tail fiber  

BHP baseplate hub protein domain 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 July 2020                   



 10 of 12 

 

References 

1. Paczosa, M. K. & Mecsas, J. Klebsiella pneumoniae: Going on the Offense with a Strong Defense. Microbiol 

Mol Biol Rev. 2016, 80, 629-661. 

2. Zavascki, A. P., Goldani, L. Z., Li, J., & Nation, R. L. Polymyxin B for the treatment of multidrug-resistant 

pathogens: a critical review. J Antimicrob Chemother. 2007, 60, 1206-1215. 

3. Sun, J., Zeng, X., Li, X.-P., Liao, X.-P., Liu, Y.-H., & Lin, J. Plasmid-mediated colistin resistance in animals: 

current status and future directions. Anim Health Res Rev. 2017, 18, 136-152. 

4. Lee, J.-Y., Choi, M.-J., Choi, H. J., & Ko, K. S. Preservation of Acquired Colistin Resistance in 

Gram-Negative Bacteria. Antimicrob Agents Ch. 2016, 60, 609-612. 

5. Rakhuba, D. V., Kolomiets, E. I., Dey, E. S., & Novik, G. I. Bacteriophage receptors, mechanisms of phage 

adsorption and penetration into host cell. Pol J Microbiol. 2010, 59, 145-155. 

6. Washizaki, A., Yonesaki, T., & Otsuka, Y. Characterization of the interactions between Escherichia coli 

receptors, LPS and OmpC, and bacteriophage T4 long tail fibers. Microbiologyopen. 2016, 5, 1003-1015. 

7. Langenscheid, J., Killmann, H., & Braun, V. A FhuA mutant of Escherichia coli is infected by phage 

T1-independent of TonB. FEMS Microbiol Lett. 2004, 234, 133-137. 

8. Chaturongakul, S. & Ounjai, P. Phage-host interplay: examples from tailed phages and Gram-negative 

bacterial pathogens. Front Microbiol. 2014, 5, 442. 

9. Hao, G., Chen, A. I., Liu, M., Zhou, H., Egan, M., Yang, X., Kan, B., Wang, H., Goulian, M., & Zhu, J. 

Colistin-resistance-mediated bacterial surface modification sensitizes phage infection. Antimicrob Agents 

Chemother. 2019. 

10. Kalogeraki, V. S. & Winans, S. C. Suicide plasmids containing promoterless reporter genes can 

simultaneously disrupt and create fusions to target genes of diverse bacteria. Gene. 1997, 188, 69-75. 

11. Larsen, R. A., Wilson, M. M., Guss, A. M., & Metcalf, W. W. Genetic analysis of pigment biosynthesis in 

Xanthobacter autotrophicus Py2 using a new, highly efficient transposon mutagenesis system that is 

functional in a wide variety of bacteria. Archives of Microbiology. 2002, 178, 193-201. 

12. Chen, A., Zhu, J., & Goulian, M. Effects of regulatory network organization and environment on PmrD 

connector activity and polymyxin resistance in Klebsiella pneumoniae and Escherichia coli. bioRxiv. 2020. 

13. Kiljunen, S., Datta, N., Dentovskaya, S. V., Anisimov, A. P., Knirel, Y. A., Bengoechea, J. A., Holst, O., & 

Skurnik, M. Identification of the lipopolysaccharide core of Yersinia pestis and Yersinia 

pseudotuberculosis as the receptor for bacteriophage phiA1122. J Bacteriol. 2011, 193, 4963-4972. 

14. Micoli, F., Rondini, S., Gavini, M., Pisoni, I., Lanzilao, L., Colucci, A. M., Giannelli, C., Pippi, F., Sollai, L., 

Pinto, V., Berti, F., MacLennan, C. A., Martin, L. B., & Saul, A. A scalable method for O-antigen 

purification applied to various Salmonella serovars. Anal Biochem. 2013, 434, 136-145. 

15. Vinogradov, E., Frirdich, E., MacLean, L. L., Perry, M. B., Petersen, B. O., Duus, J. O., & Whitfield, C. 

Structures of lipopolysaccharides from Klebsiella pneumoniae. Eluicidation of the structure of the linkage 

region between core and polysaccharide O chain and identification of the residues at the non-reducing 

termini of the O chains. J Biol Chem. 2002, 277, 25070-25081. 

16. Meier-Dieter, U., Starman, R., Barr, K., Mayer, H., & Rick, P. D. Biosynthesis of enterobacterial common 

antigen in Escherichia coli. Biochemical characterization of Tn10 insertion mutants defective in 

enterobacterial common antigen synthesis. J Biol Chem. 1990, 265, 13490-13497. 

17. Bengoechea, J. A., Pinta, E., Salminen, T., Oertelt, C., Holst, O., Radziejewska-Lebrecht, J., 

Piotrowska-Seget, Z., Venho, R., & Skurnik, M. Functional characterization of Gne 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 July 2020                   



 11 of 12 

 

(UDP-N-acetylglucosamine-4-epimerase), Wzz (chain length determinant), and Wzy (O-antigen 

polymerase) of Yersinia enterocolitica serotype O:8. J Bacteriol. 2002, 184, 4277-4287. 

18. Killmann, H., Videnov, G., Jung, G., Schwarz, H., & Braun, V. Identification of receptor binding sites by 

competitive peptide mapping: phages T1, T5, and phi 80 and colicin M bind to the gating loop of FhuA. J 

Bacteriol. 1995, 177, 694-698. 

19. Rabsch, W., Ma, L., Wiley, G., Najar, F. Z., Kaserer, W., Schuerch, D. W., Klebba, J. E., Roe, B. A., Laverde 

Gomez, J. A., Schallmey, M., Newton, S. M., & Klebba, P. E. FepA- and TonB-dependent bacteriophage H8: 

receptor binding and genomic sequence. J Bacteriol. 2007, 189, 5658-5674. 

20. Parent, K. N., Erb, M. L., Cardone, G., Nguyen, K., Gilcrease, E. B., Porcek, N. B., Pogliano, J., Baker, T. S., 

& Casjens, S. R. OmpA and OmpC are critical host factors for bacteriophage Sf6 entry in Shigella. Mol 

Microbiol. 2014, 92, 47-60. 

21. Cai, R., Wu, M., Zhang, H., Zhang, Y., Cheng, M., Guo, Z., Ji, Y., Xi, H., Wang, X., Xue, Y., Sun, C., Feng, X., 

Lei, L., Tong, Y., Liu, X., Han, W., & Gu, J. A Smooth-Type, Phage-Resistant Klebsiella pneumoniae 

Mutant Strain Reveals that OmpC Is Indispensable for Infection by Phage GH-K3. Appl Environ Microbiol. 

2018, 84. 

22. Esquinas-Rychen, M. & Erni, B. Facilitation of bacteriophage lambda DNA injection by inner membrane 

proteins of the bacterial phosphoenol-pyruvate: carbohydrate phosphotransferase system (PTS). J Mol 

Microbiol Biotechnol. 2001, 3, 361-370. 

23. Heller, K. & Braun, V. Polymannose O-Antigens of Escherichia-Coli, the Binding-Sites for the Reversible 

Adsorption of Bacteriophage-T5+ Via the L-Shaped Tail Fibers. Journal of Virology. 1982, 41, 222-227. 

24. Garcia-Doval, C., Caston, J. R., Luque, D., Granell, M., Otero, J. M., Llamas-Saiz, A. L., Renouard, M., 

Boulanger, P., & van Raaij, M. J. Structure of the Receptor-Binding Carboxy-Terminal Domain of the 

Bacteriophage T5 L-Shaped Tail Fibre with and without Its Intra-Molecular Chaperone. Viruses. 2015, 7, 

6424-6440. 

25. Storms, Z. J. & Sauvageau, D. Modeling tailed bacteriophage adsorption: Insight into mechanisms. 

Virology. 2015, 485, 355-362. 

26. Merino, S., Camprubi, S., Alberti, S., Benedi, V. J., & Tomas, J. M. Mechanisms of Klebsiella pneumoniae 

resistance to complement-mediated killing. Infect Immun. 1992, 60, 2529-2535. 

27. Knirel, Y. A., Prokhorov, N. S., Shashkov, A. S., Ovchinnikova, O. G., Zdorovenko, E. L., Liu, B., 

Kostryukova, E. S., Larin, A. K., Golomidova, A. K., & Letarov, A. V. Variations in O-antigen biosynthesis 

and O-acetylation associated with altered phage sensitivity in Escherichia coli 4s. J Bacteriol. 2015, 197, 

905-912. 

28. Nobrega, F. L., Vlot, M., de Jonge, P. A., Dreesens, L. L., Beaumont, H. J. E., Lavigne, R., Dutilh, B. E., & 

Brouns, S. J. J. Targeting mechanisms of tailed bacteriophages. Nat Rev Microbiol. 2018, 16, 760-773. 

29. Zivanovic, Y., Confalonieri, F., Ponchon, L., Lurz, R., Chami, M., Flayhan, A., Renouard, M., Huet, A., 

Decottignies, P., Davidson, A. R., Breyton, C., & Boulanger, P. Insights into Bacteriophage T5 Structure 

from Analysis of Its Morphogenesis Genes and Protein Components. Journal of Virology. 2014, 88, 

1162-1174. 

30. Heller, K. & Braun, V. Polymannose O-antigens of Escherichia coli, the binding sites for the reversible 

adsorption of bacteriophage T5+ via the L-shaped tail fibers. J Virol. 1982, 41, 222-227. 

31. Golomidova, A. K., Kulikov, E. E., Prokhorov, N. S., Guerrero-Ferreira Rcapital Es, C., Knirel, Y. A., 

Kostryukova, E. S., Tarasyan, K. K., & Letarov, A. V. Branched Lateral Tail Fiber Organization in T5-Like 

Bacteriophages DT57C and DT571/2 is Revealed by Genetic and Functional Analysis. Viruses. 2016, 8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 July 2020                   



 12 of 12 

 

32. Heller, K. & Braun, V. Accelerated Adsorption of Bacteriophage-T5 to Escherichia-Coli F, Resulting from 

Reversible Tail Fiber-Lipopolysaccharide Binding. Journal of Bacteriology. 1979, 139, 32-38. 

33. Kaiser, T. D., Pereira, E. M., Dos Santos, K. R., Maciel, E. L., Schuenck, R. P., & Nunes, A. P. Modification of 

the Congo red agar method to detect biofilm production by Staphylococcus epidermidis. Diagn Microbiol 

Infect Dis. 2013, 75, 235-239. 

34. Huang, T. W., Lam, I., Chang, H. Y., Tsai, S. F., Palsson, B. O., & Charusanti, P. Capsule deletion via a 

lambda-Red knockout system perturbs biofilm formation and fimbriae expression in Klebsiella 

pneumoniae MGH 78578. BMC Res Notes. 2014, 7, 13. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 July 2020                   


