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Veterinary Research

Salmonella enteritidis acquires phage 
resistance through a point mutation in rfbD 
but loses some of its environmental adaptability
Yukun Zeng1,2,3, Ping Li1, Shenglong Liu1, Mangmang Shen1, Yuqing Liu4* and Xin Zhou1,2,3*   

Abstract 

Phage therapy holds promise as an alternative to antibiotics for combating multidrug-resistant bacteria. However, 
host bacteria can quickly produce progeny that are resistant to phage infection. In this study, we investigated 
the mechanisms of bacterial resistance to phage infection. We found that Rsm1, a mutant strain of Salmonella 
enteritidis (S. enteritidis) sm140, exhibited resistance to phage Psm140, which was originally capable of lysing its 
host at sm140. Whole genome sequencing analysis revealed a single nucleotide mutation at position 520 (C → T) 
in the rfbD gene of Rsm1, resulting in broken lipopolysaccharides (LPS), which is caused by the replacement of CAG 
coding glutamine with a stop codon TAG. The knockout of rfbD in the sm140ΔrfbD strain caused a subsequent loss 
of sensitivity toward phages. Furthermore, the reintroduction of rfbD in Rsm1 restored phage sensitivity. Moreover, 
polymerase chain reaction (PCR) amplification of rfbD in 25 resistant strains revealed a high percentage mutation rate 
of 64% within the rfbD locus. We assessed the fitness of four bacteria strains and found that the acquisition of phage 
resistance resulted in slower bacterial growth, faster sedimentation velocity, and increased environmental sensitivity 
(pH, temperature, and antibiotic sensitivity). In short, bacteria mutants lose some of their abilities while gaining resist-
ance to phage infection, which may be a general survival strategy of bacteria against phages. This study is the first 
to report phage resistance caused by rfbD mutation, providing a new perspective for the research on phage therapy 
and drug-resistant mechanisms.
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Introduction
Salmonella enteritidis (S. enteritidis), a gram-negative 
bacterium belonging to the Family Enterobacteriaceae, 
exists widely in different natural environments [1, 2] 
and has more than 2600 serotypes globally that can 
cause foodborne salmonellosis [3, 4]. S. enteritidis is the 
most widespread serotype found in chicken meat and is 
a common cause of human illnesses [5]. Antibiotics are 
generally used to treat bacterial infections. However, 
the prolonged overuse of antibiotics has led to the wide-
spread emergence of multidrug-resistant strains of S. 
enteritidis, which in turn poses a serious threat to human 
health [6–10]. Over the last two decades, the inadequate 
supply of new antibiotics has been unable to keep up with 
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the relentless surge of bacterial resistance. Therefore, 
there is an urgent need to develop new, efficient, and 
environmentally friendly antibacterial agents.

Bacteriophages (phages), which are estimated at  1031, 
approximately outnumbering bacteria by 100-fold, are 
the most abundant and diverse entities on Earth [11, 
12]. Phages are widely distributed in the environment, 
occupying not only freshwater and marine habitats [13], 
surface soils [14, 15], and food sources, but also the gas-
trointestinal tracts of both humans and animals [16]. 
Phages have many advantages compared to antibiot-
ics, antimicrobial peptides, and lysozymes. First, phages 
exhibit host specificity toward certain classes or spe-
cies of bacteria. Second, they can be produced in large 
quantities and cheaply by reinfecting their bacterial 
hosts. Third, the phage genome demonstrates a certain 
degree of flexibility and can be modified through genetic 
engineering.

In recent years, a growing body of literature has doc-
umented the success of phage usage in the treatment of 
bacterial infection [17]. However, bacteria can use a range 
of defense strategies to fight phage infection. These strat-
egies include modifying receptors to block phage adsorp-
tion, blocking the entry of phage DNA [18], degrading 
the phage genome through restriction-modification (RM) 
[19] and CRISPR-Cas systems [20], and preventing phage 
proliferation through abortive infection systems [21]. 
The phage receptors include various bacterial cell sur-
face appendages, such as lipopolysaccharides (LPS), wall 
alginic acid, flagella, and certain, outer membrane pro-
teins. Bacteria prevent phage adsorption and infection by 
shielding or blocking synthesis, or by transforming phage 
enzyme-mediated serotypes [22–28]. While this strategy 
effectively protects bacteria from phage infection, this 
comes at a cost to the bacteria, as the receptors involved, 
such as chemoreceptors, porins, and adhesins also play 
critical roles in bacterial metabolism and immune eva-
sion [29].

In the process of making S. enteritidis resistant to phage 
infection, the bacterial regulation of LPS synthesis on its 
surface is a common resistance mechanism. The rfbD 
gene in S. enteritidis encodes dTDP-4-dehydrorhamnose 
reductase, which plays a crucial role in the synthesis of 
bacterial LPS [30–33]. In Gram-negative bacteria, the rfb 
region houses the genes necessary for the production and 
assembly of sugars, forming the side-chain repeat units of 
the O-antigen [34–38]. O-antigens are located in the out-
ermost layer of LPS, in the outer membrane of bacteria 
[39], and play a crucial role in bacterial immune response 
and pathogenicity. rfbD catalyses the reduction of dTDP-
4-dehydrOβ-l-rhamnose to dTDP-β-l-rhamnose, 
thereby providing essential precursors for O-antigen 
and lipid A synthesis. Additionally, dTDP-rhamnose 

plays a crucial role in LPS synthesis, ultimately forming 
the repeating O-antigen structure. The genetic product 
encoded by rfbD facilitates the transfer of the O-antigen 
from the cytoplasmic membrane to the periplasmic side, 
resulting in complete LPS assembly [40–42].

In this study, we isolated a mutated strain of S. enter-
itidis, Rsm1, which exhibited resistance to phages. We 
conducted whole genome sequencing and bioinfor-
matic analysis to identify the specific genes responsible 
for facilitating this resistance. The sequencing results 
revealed that a single base substitution in rfbD caused 
structural damage in the LPS, which we believe is likely 
the cause of phage resistance in Rsm1. Our study showed 
for the first time that rfbD mutations facilitate bacterial 
resistance to phage infection.

Materials and methods
Bacterial strains, plasmids, and phages
Phage Psm140 and its host S. enteritidis sm140 were 
previously isolated from sewage and a chicken farm in 
Shandong Province, China, respectively, and are cur-
rently maintained in our laboratory. S. enteritidis sm140 
belongs to the ST11 type, with a genome consisting of 
one chromosome (4 679 795 bp with a G + C content of 
52.18%, GenBank: CP125220.1) and two plasmids (plas-
mid1: 64  327  bp with a G + C content of 51.76%, Gen-
Bank: CP125221.1; plasmid2: 29 336  bp with a G + C 
content of 47.22%, GenBank: CP125222.1). Psm140 
(GenBank: PP437543) possesses a double-stranded linear 
DNA genome comprising 41 913 bp with a G + C content 
of 49.50% and belongs to the family Siphoviridae. Associ-
ated Professor Xiaoping Wu (College of Animal Science, 
Fujian Agricultural and Forestry University) provided the 
plasmids pCas (kanamycin-resistant) and pTarget (spec-
tinomycin-resistant). Prof. Huoying Shi (College  of  Vet-
erinary  Medicine, Institute  of  Comparative  Medicine, 
Yangzhou University) provided the plasmids pYA3334 
(chloramphenicol-resistant) and pYA3334-Red 
(chloramphenicol-resistant).

Screening and identification of phage‑resistant strains
A secondary infection experiment was conducted to 
screen for phage-resistant strains. Fifty μL of S. enter-
itidis sm140 was inoculated in 5 mL of a lysogeny broth 
(LB) liquid medium and cultured until it reached an 
optical density at 600 nm  (OD600) of 0.6. Phage Psm140 
was then added to the culture at a multiplicity of infec-
tion (MOI) of 1:1000 and cultured overnight. Following 
this, the culture was streaked out, and five distinct sin-
gle colonies, designated as Rsm1 to Rsm5, were selected 
and purified across three successive rounds without the 
presence of phage Psm140. The double-layer agar plate 
method was applied to determine the development of 
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resistance against phage Psm140. For the strains that 
did not exhibit any plaques, their specificity towards S. 
enteritidis was further confirmed using the Sdf I primer 
(Table 1), ensuring that there was no contamination from 
other microorganisms.

Genome sequencing of Rsm1
The genomic DNA of Rsm1 was extracted using the 
TIANamp Bacteria DNA Kit  (Tiangen, Beijing, China) 
and then submitted to  Personal Biotechnology Co., Ltd. 
(Shanghai, China)  for library construction and sequenc-
ing. The genomes of sm140 and Rsm1 were aligned using 
the BWA-MEM software [43], with default alignment 
parameters set for BWA-MEM.

The complete sequences of rfbD from sm140 and Rsm1 
were separately amplified using the gene-specific prim-
ers rfbD F/R (Table 1). The amplified products were sent 
to TSINGKE Biological Technology Co., Ltd.  (Nanjing, 
China) for sequencing. The subsequent analysis was con-
ducted using MegAlign software (DNASTAR v.10.0.1).

Validation of the phage receptor by CRISPR
The rfbD sequence was replicated on the CRISPOR pre-
diction website for comprehensive analysis. A highly 
ranked sgRNA sequence (tgccgggggaaccacaacc) was 
meticulously selected. The 20  bp sgRNA fragment was 
then precisely cloned and inserted into the pTarget vector 
by PCR, using the sgRNA-CRISPR-F/R primers. Based 
on the sm140 genome sequence, the PCR primers AF/R 
and BF/R for rfbD were designed using the Primer Pre-
mier 5.0 software. Subsequently, the fused fragment AB 

was then skillfully generated by the process of overlap-
ping PCR. Through the electroporation process, sm140 
cells harboring the pCas plasmid and sm140-pCas cells 
harboring the pTarget-gRNA plasmid were obtained. Sin-
gle clones were selected for PCR verification. The prim-
ers used in the procedures are listed in Table 1.

rfbD complementation
Homologous recombination primers 3334-rfbD F/R for 
rfbD and pYA3334 F/R for plasmid pYA3334 (Table  1) 
were designed using Primer Premier 5.0 software. The 
genome of sm140 and the plasmid pYA3334 were used 
as templates to PCR-amplify the respective 3334-rfbD 
and pYA3334 fragments, employing the aforemen-
tioned primer pairs. These PCR-generated fragments 
were subsequently purified and seamlessly recom-
bined via a homologous recombinase to construct the 
recombinant plasmid, pYA3334-rfbD. They were then 
electroporated into Rsm1 recipient cells to enable nor-
mal expression of the rfbD protein. Phage Psm140 was 
employed to assess plaque formation in both the knock-
out strain sm140∆rfbD and the complemented strain 
Rsm1-pYA3334-rfbD.

Determination of the adsorption capacity of phage 
Psm140
Bacteria strains (sm140, Rsm1, sm140∆rfbD and Rsm1-
pYA3334-rfbD) were cultured until reaching  OD600 = 0.6. 
Subsequently, 200  μL of the bacterial suspension was 
mixed with 100 μL of a phage solution at a titer of 1 ×  1010 
PFU/mL (MOI = 100). 200 μL of fresh liquid LB medium 

Table 1 Primers used in the experiments 

The lowercase sequence indicates sgRNA.

Primers Sequences (5′‑3′) Sizes

sdf I F:5′-TGT GTT TTA TCT GAT GCA AGAGG-3′ 293 bp

R:5′-CGT TCT TCT GGT ACT TAC GATGA-3′
rfbD F:5′-ATG AAT ATC TTA CTT TTT GGT AAG ACA GGG -3′ 900 bp

R:5′-TCA GAT GGT TGT CGT CGT AAA CAT TTC-3′
pCas F:5′-GAT ACC GTC CGT TCT TTC CTT-3′ 888 bp

R:5′-TGA TGA TAC CGC TGC CTT ACT-3′
A F:5′-ACC GCT GGA GAC CTT TGA AAG-3′ 150 bp

R:5′-GAT GGG CAT TTA AAT TTA TAC TGG CGT CCT TCA TAG -3′
B F:5′-CTA TGA AGG ACG CCA GTA TAA ATT TAA ATG CCC ATC -3′ 153 bp

R:5′-GTA GCA ATT GCT TAC TTA CCG CCA -3′
sgRNA-CRISPR F:5′-GTC CTA GGT ATA ATA CTA GTTtgccgggggaaccacaaccGTT TTA GAG CTA GAA ATA GC-3′ 2137 bp

R:5′-ACT AGT ATT ATA CCT AGG ACT GAG -3′
3334-rfbD F:5′-CAC ACA GGA AAC AGA CCA TGA ATA TCT TAC TTT TTG GTA AGA CAGG-3′ 948 bp

R:5′-GAT CCC CGG GAA TTG CGA ATT TCA GAT GGT TGT CGT CGT AAA CAT TTC AG-3′
pYA3334 F:5′-AAT TCG CAA TTC CCG GGG ATC CGT C-3′ 3012 bp

R:5′-CAT GGT CTG TTT CCT GTG TGA AAT TG-3′
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was added to this mixture. As a control, 100 μL of phage 
solution was mixed with 400 μL of LB medium. The sam-
ples were then incubated at 37 °C for 7 min, followed by 
centrifugation at 12 000 ×g for 1 min to collect the super-
natant containing the unabsorbed phages. The titer of the 
phages in the supernatant was an indicator of their non-
adsorbed fraction. Each experiment was performed in 
triplicate. The bacterial pellet was resuspended in 1 × PBS 
and examined using TEM to determine phage-bacteria 
adsorption.

Morphological characterization of the bacteria
The sm140, Rsm1, sm140∆rfbD, and the Rsm1-pYA3334-
rfbD strains were individually inoculated into a liquid LB 
medium and cultured at 37  °C at 220  rpm until reach-
ing an OD600 of 0.6. Subsequently, 3 μL of each culture 
was spotted onto solid LB agar plates and then air-dried. 
The plates were subsequently incubated at 37 °C for 72 h 
to observe the morphological differences between the 
bacteria strains. In addition, 10 μL of each bacteria sus-
pension was dropped onto a copper grid and incubated 
at 25  °C for 10 min. An equal volume of negative stain-
ing solution containing 2% phosphotungstic acid (PTA) 
at pH = 7.0 was then added. The grids were air-dried. 
Finally, the dried grids were examined under a transmis-
sion electron microscope (TEM).

Determination of the structural integrity of bacterial LPS
The four strains were prepared as competent cells; 100 μL 
of each competent cell suspension was mixed with 100 ng 
of the pYA3334-red plasmid. Following electroporation, 
the cells were incubated in antibiotic-free LB medium 
that had been pre-warmed to 37 °C for 1 h. Subsequently, 
100  μL of the bacterial culture was plated on chloram-
phenicol-resistant solid LB agar. The expression of red 
fluorescent protein was visualized using a fluorescence 
microscope. Additionally, each bacterium strain contain-
ing pYA3334-Red was collected and centrifuged at 6000 
×  g  for 5  min to discard the supernatant. The resulting 
bacterial pellets were resuspended in a solution contain-
ing 4% NaCl at 25 °C for 5 min.

The LPS of the four strains was also extracted by the 
hot phenol-water method [44], and SDS-PAGE was car-
ried out, followed by silver staining.

Detection of the mutation rate of rfbD in phage‑resistant 
strains
To determine the mutation rate of rfbD in phage-
resistant strains, additional phage-resistant mutants 
were screened from double-layer plates contain-
ing phage (MOI = 10) using the method described by 
Habusha et  al. [45]. Once the bacteria clones were 

visible to the naked eye, 25 of these clones were ran-
domly selected for purification and cultivation. The 
phage spotting method was then used to verify their 
resistance to phage Psm140. The rfbD of the phage-
resistant strains was amplified and sequenced, and 
its mutation rate was analysed. The mutation rates 
were calculated using the following formula: muta-
tion rates = (total number of mutants/total number of 
strains) × 100%.

Determination of bacterial fitness before and after rfbD 
mutation
To compare the bacteria growth, nine tubes were 
set as follows: (1) 100  µL Rsm1 + 1.1  mL LB; (2) 
100  µL Rsm1 + 1.0  mL LB + 100  µL Psm140; (3) 
100  µL sm140∆rfbD + 1.1  mL LB; (4) 100  µL 
sm140∆rfbD + 1.0 mL LB + 100 µL Psm140; (5) 100 µL 
Rsm1-pYA3334-rfbD + 1.1  mL LB; (6) 100  µL Rsm1-
pYA3334-rfbD + 1.0  mL LB + 100  µL Psm140; (7) 
100 µL sm140 + 1.1 mL LB; (8) 100 µL sm140 + 1.0 mL 
LB + 100  µL Psm140; (9) 1.2  mL LB. All tubes were 
incubated at 37  °C, 220  rpm for 12  h to determine 
 OD600. Each experiment was replicated 3 times.

To test bacteria sedimentation, 60  µL of each strain 
was transferred to 6 mL of liquid LB medium and incu-
bated for 12 h. Cultures were then allowed to settle at 
25 °C for 48 h to observe bacterial sedimentation.

The pH of the LB medium was adjusted using either 
concentrated hydrochloric acid (HCl) or sodium 
hydroxide (NaOH) solutions to achieve values rang-
ing from pH = 1.0 to pH = 12.0. The four strains were 
separately inoculated into a liquid LB medium and were 
incubated at 37  °C, 220 rpm for 12 h to determine the 
OD600. Each experiment was replicated 3 times.

For heat treatment, the four strains were individu-
ally exposed to temperatures ranging from 37 to 80 °C 
for 2 h. Subsequently, 100 μL of each bacterial suspen-
sion was serially diluted and spread evenly over LB 
agar plates. The plates were then incubated at 37 °C for 
12 h, after which the number of bacterial colonies was 
counted. Each experiment was replicated 3 times.

Antibiotic susceptibility testing of the four bacte-
rial strains was performed using the Kirby-Bauer disc 
diffusion method in accordance with guidelines pro-
vided by the World Health Organization (WHO) [46] 
and the Clinical and Laboratory Standards Institute 
(CLSI) [47]. Bacterial suspensions were evenly spread 
on Mueller–Hinton agar (MHA) plates  (AOBOX Bio-
technology Co., Ltd. Beijing, China) and then incu-
bated at 25 °C for 5 min. Subsequently, antibiotic discs  
(Hangzhou Microbial Reagent Co., Ltd. Hangzhou, 
China) were placed on the agar surface, and the plates 
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were incubated at 37  °C for 16–18  h to observe the 
diameter of the inhibition zones. Detailed information 
about the antibiotics used can be found in Additional 
file 1.

Results
Screening and identification of phage‑resistant strains
Phage resistance tests revealed that the positive control 
strain, sm140, was lysed by Psm140 (Figure  1A). Rsm1 
exhibited resistance to Psm140 (Figure  1B). In contrast, 
strains Rsm2 to Rsm5 were still lysed by Psm140 (Fig-
ures  1C–F). Amplification of Rsm1, using the specific 
primer Sdf I for S. enteritidis, was followed by sequenc-
ing. Blast analysis confirmed that Rsm1 belonged to S. 
enteritidis and was not contaminated by other bacteria. 
Therefore, Rsm1 was selected for further experiments.

Comparative genomic analysis and identification of Rsm1 
and sm140
Rsm1 sequencing generated a dataset comprising 1144 
Mbp with 7,508,608 high-quality reads. These reads were 
aligned to the sm140 reference genome using BWA-
MEM, achieving a mapping rate of 99.81%. An analysis 

of single nucleotide variations using GATK software 
identified a single homozygous SNP within the Rsm1 
genome. The raw sequencing data have been deposited 
online in the SRA at the NCBI, under accession number 
SRP475041.

To validate the accuracy of the resequencing, PCR 
amplification of both the Rsm1 and sm140 rfbD was 
performed (Figure  2A), followed by sequencing align-
ment. This analysis confirmed a C to T mutation at posi-
tion 520 of rfbD (Figure 2B), resulting in an amino acid 
substitution from glutamine to a stop codon at position 
174 (Figure  2C). Consequently, the translation of rfbD 
was prematurely terminated. It was hypothesized that 
the abnormal expression of rfbD may underlie Rsm1’s 
tolerance to phages. To further investigate this hypoth-
esis, we generated a rfbD knockout mutant for functional 
validation.

rfbD knockout and complementation
The rfbD knockout strain sm140∆rfbD was engineered 
using a combination of CRISPR and λ-Red technolo-
gies. The rfbD gene was successfully introduced into 

Figure 1 Screening for phage‑resistant strains. A–F Results of double layer plate assays to determine the sensitivity of sm140 and Rsm1-Rsm5 
to phage Psm140.
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Rsm1 (Rsm1-pYA3334-rfbD) by employing homolo-
gous recombination technology for complementation. 
For the phage Psm140 plaque assay, Sm140 was used as 
a positive control (Figure 3A). The results indicated that 
sm140∆rfbD could not produce plaques (Figure  3B), 
while Rsm1-pYA3334-rfbD promoted plaque formation 
(Figure  3C). In summary, the rfbD knockout effectively 
rendered the bacteria resistant to phage-induced lysis.

Adsorption rate of phage Psm140
The adsorption rates of phage Psm140 on sm140, Rsm1, 
sm140∆rfbD and Rsm1-pYA3334-rfbD were 87.95, 
28.22, 24.43, and 76.55%, respectively (Figure 4A). TEM 
revealed that the bacteria cell membrane of the wild-
type strain sm140 was covered with dense phage parti-
cles (Figure 4B). In contrast, the naturally mutated Rsm1 
developed resistance to phage Psm140, resulting in a sig-
nificant decrease in adsorption (~59.73%), and very few 
phages were observed surrounding the bacteria cell, as 
shown in Figure 4C. These trends were also observed in 

the knockout strain sm140∆rfbD (Figure  4D). The con-
struction of the complemented strain, Rsm1-pYA3334-
rfbD, resulted in the phage Psm140 adsorption rate 
returning to its natural level. This led to the appearance 
of a large number of phage particles on the bacterial sur-
face (Figure 4E).

Analysis of bacterial morphological structure
Both the sm140 and Rsm1-pYA3334-rfbD colonies 
exhibited white, rough-edged appearances, in contrast 
to the smooth and well-defined colonies of Rsm1 and 
sm140∆rfbD (Figure  5A). TEM analysis revealed that 
sm140 (Figure 5B), Rsm1 (Figure 5C), sm140∆rfbD (Fig-
ure 5D), and Rsm1-pYA3334-rfbD (Figure 5E) all retained 
their short ellipsoidal rod shapes, measuring approxi-
mately 1.5 μm by 0.8 μm, with no significant alterations 
observed. The surfaces of sm140 and Rsm1-pYA3334-
rfbD were smooth, whereas the Rsm1 and sm140∆rfbD 
surfaces displayed wrinkling, accompanied by the pres-
ence of dark dye residues.

Figure 2 Validation analysis of rfbD mutation in Rsm1. A Results of rfbD amplification of Rsm1. Lane 1: 2000 DNA marker; Lane 2: Positive 
control (sm140); Lane 3: Rsm1; Lane 4: Negative control. B, C Nucleotide and amino acid alignment results of sm140 and Rsm1.

Figure 3 Identification of phage sensitivity. A–C Phage plaque assay results for sm140, sm140∆rfbD, and Rsm1-pYA3334-rfbD, respectively.
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Determination of the integrity of bacterial LPS
The agglutination assay, a traditional method for 
evaluating the integrity of bacterial LPS, relies on 
the behavior of LPS in response to its core polysac-
charide’s negative charge. In Gram-negative bacteria, 
this negative charge is exposed following the loss of 
side-chain polysaccharides on the LPS outer surface. 
In high-salt solutions, this, in turn, leads to aggrega-
tion. Conversely, bacteria with intact LPS structures 
do not aggregate and remain dispersed as individual 
entities, even in high-salt environments. To enhance 
visualization, we introduced a red fluorescent plasmid, 
pYA3334-red, into four strains using electroporation. 
The agglutination assays revealed that in a 4% NaCl 
solution, sm140 and Rsm1-pYA3334-rfbD predomi-
nantly remained individual entities, whereas Rsm1 
showed partial aggregation, and sm140∆rfbD exten-
sively formed aggregated patches. Subsequent silver 
staining experiments confirmed these findings, vis-
ibly indicating that the LPS structures of sm140 and 
Rsm1-pYA3334-rfbD were still intact. In contrast, 
the LPS structures of Rsm1 and sm140ΔrfbD were 

compromised, as demonstrated by their incomplete 
appearance, consistent with the aggregation observed 
in the agglutination assays (Figure 6).

Analysis of the mutation rate of rfbD in phage‑resistant 
strains
After 24  h of co-cultivating the wild-type strain sm140 
with phage Psm140 on a double-layer agar plate, 138 
clones of various sizes grew on the plate. The 25 ran-
domly selected colonies were purified 3  times and des-
ignated Rsm6-Rsm30. Verification was carried out using 
a phage Psm140 point-plate assay, which confirmed the 
resistance of Rsm6-Rsm30 against phage. The sm140 was 
used as a control in this study. Furthermore, the rfbD 
of Rsm6-Rsm30 was amplified and sequenced, and the 
sequencing data were subjected to comparative analy-
sis (Additional file  2). Among the 25 resistant strains, 
64% (16/25) exhibited base replacements and frameshift 
mutations in rfbD. The remaining 36% (9/25) of the 
resistant strains did not show any mutation in rfbD. Out 
of these 16 mutant strains, 11 exhibited frameshift muta-
tions due to the deletion of the fifth base. This caused the 

Figure 4 Results of the phage adsorption test. A Phage adsorption rate on bacteria. The variances among groups are delineated by comparative 
letter markers. Any two groups that exhibit no identical lowercase letters are considered significantly differences (P < 0.0001). B–E TEM images 
of sm140, Rsm1, sm140∆rfbD and Rsm1-pYA3334-rfbD after co-incubation with the phage for 7 min.
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premature termination of peptide chain elongation with a 
mutation at the 12th amino acid into a terminator codon. 
Other mutations observed included a G to A substitu-
tion at position 856 (one strain), a T to G substitution at 
position 880 (eight strains), and an A deletion at position 
892 (three strains). These all led to subsequent changes 
within the amino acid sequence. Overall, these mutations 
were likely to affect the function and stability of rfbD, in 
turn affecting the synthesis and modification of LPS, as 
well as its phage adsorption ability. Based on the muta-
tion rate of rfbD, it was speculated that in addition to 
mutations within rfbD, sm140 may possess other mecha-
nisms for countering phage invasion, thereby enhancing 
its own survival capabilities. This diversity in resistance 
mechanisms could be an important strategy for the sur-
vival and proliferation of S. enteritidis within its natural 
environment.

Comparisons of bacterial fitness before and after rfbD 
mutation
Considering that the mutation of rfbD conferred resist-
ance to phage Psm140, we questioned whether this 

alteration affected the fitness of S. enteritidis. To inves-
tigate this matter further, we performed tests examining 
specific physiological characteristics of the bacteria, both 
before and after mutation. As shown in Figure  7A, the 
bacterial growth curve indicated that sm140’s growth sig-
nificantly exceeded that of both Rsm1 and sm140ΔrfbD. 
Moreover, the growth pattern of Rsm1-pYA3334-rfbD 
closely mirrors that of sm140, with no noteworthy dif-
ferences observed. Following 12  h of co-culture with 
Psm140 phages, as shown in Figures  7B–E, it was 
observed that the growth of both Rsm1 and sm140ΔrfbD 
remained largely unaffected. In contrast, significant 
growth inhibition was experienced by both Rsm1-
pYA3334-rfbD and sm140.

The sedimentation velocities were assessed after 48  h 
at 25 °C, as shown in Figure 7F. Both sm140 and Rsm1-
pYA3334-rfbD exhibited slower sedimentation velocities, 
whereas Rsm1 and sm140ΔrfbD strains demonstrated 
faster sedimentation, possibly due to self-aggregation 
resulting in bacterial clumping.

The optimal pH for bacterial growth was altered fol-
lowing mutation (Figure 7G). The optimal pH for sm140 

Figure 5 Bacterial colony morphology and TEM characterization of bacterial morphology. A Colony morphology of bacteria 
before and after mutation, from left to right: sm140, Rsm1, sm140∆rfbD, and Rsm1-pYA3334-rfbD. B–E TEM images of sm140, Rsm1, sm140∆rfbD, 
and Rsm1-pYA3334-rfbD.
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and Rsm1-pYA3334-rfbD was found to be in the range of 
5.0–7.0, while for Rsm1 and sm140∆rfbD, it remained at 
pH 7.0. Moreover, the temperature sensitivity of the bac-
teria varied after mutation (Figure 7H). At 37 and 40 °C, 
the growth of all four strains remained largely unaffected. 
However, at 50 °C, the survival rates of sm140 and Rsm1-
pYA3334-rfbD were significantly higher than those of 
Rsm1 and sm140∆rfbD. At 60, 70, and 80 °C, the survival 
rates of all four bacterial strains were zero.

Antibiotic susceptibility testing revealed a significant 
increase in Rsm1 and sm140∆rfbD sensitivity to antibiot-
ics, as detailed in Table 2. Among a total of 39 antibiotics, 
sm140 was resistant to 25, while Rsm1 and sm140ΔrfbD 
were resistant to only 14 and 13, respectively. These 
variations in drug resistance were primarily observed in 
antibiotics classified as β-lactams, nitrofurans, and qui-
nolones. Following the complementation with rfbD, the 
resistance profile of Rsm1-pYA3334-rfbD was restored to 
the level of sm140. Detailed results from bacterial antibi-
otic susceptibility assays are provided in Additional file 1.

Discussion
The development of phage resistance in bacteria poses 
a significant challenge to the effective use of phages as 
natural antimicrobial agents within clinical settings. 
Consequently, it is imperative to undertake compre-
hensive research into the mechanisms that help bacte-
ria acquire phage resistance. In this study, S. enteritidis 

Rsm1 exhibited stable resistance to phage Psm140 due 
to mutations in rfbD, which is involved in the synthesis 
of glycosyl units, the regulation of O-antigen formation, 
and the integrity of LPS function. In S. enteritidis, the 
rough phenotype is typically associated with the absence 
of the O-antigen, leading to an irregular or uneven sur-
face appearance. This is due to the lack of polysaccharide 
chains on the bacterial surface. Some specific bacterial 
studies have previously documented this phenomenon 
[34, 41, 48–50]. The presence of residual staining at the 
periphery of the bacterial colonies can be attributed to 
PTA staining’s reaction with the O-antigen on their sur-
face. Therefore, when strains lack rfbD by knockout, the 
amount of O-antigen on the bacterial surface is reduced 
or is missing. This hinders the binding between PTA and 
bacteria and causes a black dye circle to form. On the 
other hand, strains with mutant rfbD cannot synthesize 
the intact O-antigen, resulting in LPS defects [51–53]. 
Studies have demonstrated that deleting the O-antigen 
glycosyltransferase gene wadB in Brucella abortus leads 
to an incomplete LPS structure. This leads to reduced 
bacterial pathogenicity and increased antibiotic sensi-
tivity [54]. Another study showed that in Pseudomonas 
extremaustralis, the deletion of the O-antigen glycosyl-
transferase gene wapH leads to increased permeability 
of the bacterial outer membrane, in turn decreasing its 
ability to adapt to external environments [55]. In addi-
tion, mutations in the waaC gene, which encodes the 

Figure 6 Bacterial LPS integrity. A–D Microscopy images showing the dispersion of sm140, Rsm1, sm140∆rfbD, and Rsm1-pYA3334-rfbD bacteria 
after treatment with a 4% NaCl solution. Images were taken using a fluorescence microscope at 10 × 20 magnification. E Silver staining of LPS. Lane 
1: protein Ladder (10 ~ 180 kDa); Lane 2: sm140; Lane 3: Rsm1; Lane 4: sm140∆rfbD; Lane 5: Rsm1-pYA3334-rfbD.
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Figure 7 Analysis of the physiological characteristics of the bacteria. A Growth of bacteria in the absence of phage. B–E Growth of Rsm1, 
sm140∆rfbD, Rsm1-pYA3334-rfbD, and sm140 under co-cultivation conditions with phage Psm140. F Sedimentation results after 48 h of incubation 
at 25 °C for sm140, Rsm1, sm140∆rfbD, and Rsm1-pYA3334-rfbD (from left to right). G–H Sensitivity of bacteria to pH and temperature, respectively.
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O-antigen synthase enzyme, can affect the synthesis 
of O-antigen and alter the bacteria surface’s structure, 
hindering phage recognition and infection [56]. Simi-
larly, mutations in the genes rfaL and waaA, which both 
encode ribulose synthesis, can cause abnormalities in the 
LPS structure, affecting the infection process of phages 
[57, 58]. Mutations in RfaH gene, which encodes a tran-
scriptional activator and regulates LPS synthesis, can 
interfere with the normal generation of LPS, also result-
ing in bacterial resistance to phages [59].

As an initial defense against phages, bacteria typically 
modify or remove receptors on their surface to prevent 
contact with the phage [60]. However, this alteration 
or deletion could be costly for the host, resulting in a 
decrease in bacteria growth and virulence [42, 61]. In this 
study, mutations in rfbD caused a defect in LPS, making 
the bacteria resistant to phages and affecting their bio-
activity in other ways. Similar observations have been 
reported for other phage-resistant strains. For example, 
S. enteritidis Salp572ɸ1R has lost O-antigen-acquired 
resistance to phage ɸ1, but it is almost non-virulent in 
mice and shows suppressed expression of certain vir-
ulence-related genes such as cmE, sthE, and cheY [62]. 
In an in  vivo experiment using a calf diarrhoea model, 
it was found that phage B41/1 reduced the virulence 
of Escherichia coli strains [63]. Deleting the key genes 
hmgA and galU in Pseudomonas aeruginosa PA1 mutant 
strains resulted in the loss of O-antigen. This, in turn, led 
to phage resistance and reduced virulence [64]. These 
findings demonstrated that bacteria can develop resist-
ance to phages by modifying or removing receptors on 
the surface of the bacteria. However, such changes often 
sacrifice bioactivity, indicating the trade-offs and chal-
lenges bacteria face regarding survival and reproduc-
tion. Achieving a balance between phage resistance and 
bacterial viability may be a survival strategy for bacteria. 
By studying the mutation principles of bacteriophage 
resistance, it is possible to develop universal bactericidal 
phage reagents for treating patients with clinical bacterial 
infection.

In this study, we confirmed that the resistance of Rsm1 
to phage Psm140 stemmed from a point mutation in 

the Rsm1 genome, located at the 520 bp position in the 
rfbD gene (C → T transition). The consequent resistance 
of bacteria to phages, which also reduced their adaptive 
capabilities, was clearly demonstrated through targeted 
knockout experiments of rfbD, followed by complemen-
tation studies. This is the first report on a mutation in 
rfbD conferring phage resistance, and this finding pro-
vides a theoretical basis for studying phage therapy and 
resistance mechanisms in S. enteritidis infection.
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