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Chen: To Isolate a Phage Targeting Citrobacter freundii

Citrobacter freundii is a kind of pathogen widely existing in environment and human gut, and its drug resistance 
has been reported in recent years. The objective of this study was to isolate a phage targeting Citrobacter freundii 
and explore its morphological, biological and genomic characteristics to help the control and antibacterial of 
Citrobacter freundii. The Citrobacter freundii strain was co-cultured with sewage samples, followed by double-
layer plate assays to isolate a phage specific to Citrobacter freundii. Subsequently, the biological and genomic 
characteristics of the isolated phage were studied. As a result, a phage with strong stability of Citrobacter 
freundii was isolated from sewage and named CPB1126. The transmission electron microscopy revealed that 
CPB1126 presents as a Myoviridae-like morphology, characterized by a polyhedron-shaped head measuring 
112±6.2 nm in length and 81±5.4 nm in width, along with a tail measuring of 103±3.7 nm in length. The optimal 
number of infection is 0.1. The one-step growth curve showed that the incubation period lasts 20 min and the 
outbreak period lasts 20 min. In addition to its isolated host, a Citrobacter werkmanii ATCC51114 strain was 
also sensitive to CPB1126. CPB1126 exhibited strong stability. It is resistant to chloroform and maintains 
high activity at pH 3-10. It also maintains high activity at temperature from -20° to 55°. The antibacterial 
experiments showed that excellent antibacterial effects could be achieved between 0.1 and 10 multiplicity 
of infection. The total length of the genome is 172 165 base pairs with 302 coding sequences. The functional 
annotation ratio is 56.3 %, it is classified as the Caudoviricetes order, Straboviridae family, Tevenvirinae sub-
family, Moonvirus genus. CPB1126 is the 4th reported isolated phage of genus of Moonvirus, and its tail protein 
sequence is <85 % similar to that of reported phages of the same genus. In conclusion, this study reports the 
isolation of a highly virulent Citrobacter phage exhibiting robust lytic capabilities and strong stability, which 
would contribute to the accumulation of phage isolates resources and provides great assets for future phage 
usage especially for infections.
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Citrobacter freundii (C. freundii), a Gram-negative 
bacterium belonging to the Enterobacteriaceae 
family, is an opportunistic pathogen commonly 
residing in the intestinal tracts of both humans and 
animals[1]. It has been associated with a spectrum 
of infections ranging from intestinal to wound and 
bloodstream infections[1-6]. The pathogenic potential 
of C. freundii is not confined to terrestrial hosts; it also 
poses significant threats to aquatic species, leading 
to substantial economic losses in the aquaculture 
sector[7-10]. There is more of evidence that highlights 
the multidrug resistance of C. freundii, a consequence 
of the rampant use of antibiotics, which complicates 

treatment strategies in both clinical and aquaculture 
settings[11-13]. In response to the escalating issue of 
antibiotic resistance, bacteriophage therapy has 
emerged as a promising alternative for combating 
drug-resistant infections[14-19]. Despite its potential, 
the arsenal of phages that target C. freundii is currently 
limited. In an effort to augment our phage repository 
and enhance our anti-infective capabilities, this study 
aims to isolate and characterize novel bacteriophages 
targeting C. freundii. We will investigate their 
morphological, biological, and genomic profiles 
and assess their antibacterial efficacy to mitigate the 
challenges posed by C. freundii infections.
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MATERIALS AND METHODS

Bacterial strains:

C. freundii strain RTGS0227, Enterococcus faecalis 
strains JLDX0005, JDLX0006 and XJY0012, Bacillus 
cereus strain BC2402 and Cronobacter sakazakii 
strain CS333 were sourced from laboratory storage, 
Citrobacter werkmanii (C. werkmanii) ATCC51114 
was derived from Shanghai Microbiological Culture 
Collection (SHMCC) Co., Ltd.

Phage isolation and purification:

We collected sewage water from local hospitals, 
centrifuged at 8000 rpm for 10 min and sterilized the 
supernatant with 0.45 μm filters (PALL, 4614). 40 
ml filtered sample was mixed with 10 ml quintuple-
strength Brain Heart Infusion (BHI) (BD, 237500) 
broth supplemented with 1 mM Calcium chloride 
(CaCl2) and Magnesium chloride (MgCl2). Late 
log-phase bacterial strain was 1:100 inoculated and 
cultured at 37° overnight. After co-culturing, we 
centrifuged the culture at 5000 Relative Centrifugal 
Force (RCF) for 15 min and sterilized the supernatant 
using a 0.45 μm filter. Next, we added a precipitant 
solution to the filtered culture (final concentration 
of 1 M Sodium chloride (NaCl) and 10 % (w/v) 
Polyethylene Glycol 8000 (PEG-8000)), mix and 
settle at 4° overnight. The settled mixture was then 
centrifuged at 4°, 12 000 RCF for 20 min, and the 
supernatant was discarded. Finally, we resuspended 
the pellet in 1 ml mixture of NaCl, Magnesium 
sulphate (MgSO4) and gelatin (SM buffer) to obtain 
the concentrated phage solution.

To identify isolated phages, we performed spot 
assays using the concentrated phage solution. 100 μl 
was mixed with 3 ml BHI semi-solid agar, 10 μl of 
the concentrated phage solution was dropped on the 
plate and cultured in 37° overnight. Once there were 
plaques showed up, we picked the plaques into 1 ml 
SM buffer. Then we dropped 10 μl of the supernatant 
of the phage solutions in the SM buffer on a new 
semi-solid agar plate with host strains and streaked 
to serial dilute with sterilized paper strips 3-4 times, 
incubated at 37° overnight. When a single plaque 
appeared, we picked the single plaque into 1 ml SM 
buffer and repeat the purification for 3-5 rounds to 
obtain a pure phage solution. 

Phage enrichment and titrating:

1 % inoculate RTGS0227 bacterial suspension and a 
phage plaque into 50 ml BHI culture medium, add 1 

mmol/l CaCl2 and MgCl2, incubate at 37° in a shaker 
for 6 h. Centrifuge and filter as described earlier. 
After that, the supernatant of lysate was diluted in 
gradients and the concentration of phage-rich liquid 
is determined by spot assays on the double-layer 
plate.

Transmission Electron Microscopy (TEM):

10 ml of 20 % sucrose solution was carefully injected 
beneath the lysate. Then we centrifuged it at 23 
500 rpm for 3 h at 4°. We discard the supernatant 
and resuspended the pellet with 1 ml of SM buffer. 
Subsequently, we performed dialysis using a 100 
kD MWCO dialysis in 1 l of SM buffer for 4 h. We 
replaced the buffer with another 1 l of fresh SM buffer 
and continued dialysis overnight. Finally, we sent the 
purified samples to Beijing Geo analysis Technology 
Co., Ltd., for TEM picture-taking. 

Killing curve assay:
We mixed the phage with the log-phase host bacteria 
at Multiplicity of Infection (MOI) of 0.001, 0.01, 
0.1, 1 and 10. The initial Optical Density (OD) 600 
nm was adjusted to approximately 0.1. Subsequently, 
200 μl of this mixture was added to each well of a 96-
well plate and incubated at 37° with orbital shaking. 
Measurements of OD 600 nm were taken every 10 
min. As a control, bacterial hosts were mixed with 
BHI-YH broth to serve as the free-phage control, 
while only BHI-YH liquid acted as the blank control. 
Each group was repeated three times.

pH, thermal and chloroform stability:
For pH stability, 100 μl of phage lysate was mixed 
with 900 μl of Double Distilled Water (ddH2O) 
at the pH ranging from 1-12 for 1 h. For thermal 
stability, phage lysate was place at the temperature 
of -20°, 4°, 37°, 45°, 55°, 65°, 75° and 85° for 1 h. 
For chloroform stability, phage lysate was combined 
with chloroform at the volume ratio of 0 %, 10 %, 
20 %, 30 %, 40 % and 50 % for 1 h. After these 
treatments the phage titer was tested by spot assays.
Host range assays of phage:
Using the spot assays on double-layer plates, 
CPB1126 was tested its ability to infect host strains 
RTGS0227, Enterococcus faecalis JLDX0005, 
JLDX0006, XJY0012, Bacillus cereus strain 
BC2402, and Cronobacter sakazakii strain CS333 
and C. werkmanii ATCC51114. In short, 100 μl of 
log-phase bacterial culture was combine with 3 ml 
semi-solid BHI agar. The mixture was then poured 
onto a BHI plate and allowed to dry completely. Next, 
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we dripped 5 μl of a 108 PFU/ml phage solution onto 
the plate in triplicate. The plate was subsequently 
cultured at 37° overnight.
Optimal MOI of phage:
Equal volume of host culture (107 CFU/ml) was mix 
with phage lysate at different concentration (104, 105, 
106, 107 and 108 PFU/ml (MOI of 0.001, 0.01, 0.1, 1 
and 10), then cultured at 37° for 3 h. Then the phage 
titer was tested with spot assay. The optimal MOI 
was established as the highest titer.
One-step growth curve of phage:
Log-phase of bacterial strain RTGS0227 was diluted 
to 107 CFU/ml and mixed with 106 PFU/ml, incubated 
for 5 min at room temperature for absorption. Then 
the culture was centrifuged at 12 000 RCF for 1 min, 
the pellet was resuspended, following incubation in 
the shaker at 37° for 100 min. Samples were taken 
every 10 min. Then the samples were centrifuged 
at 12 000 RCF for 1 min and filtered with 0.45 μm 
filters. Phage titer of each sample was tested by spot 
assays.
Phage genome extraction:
Deoxyribonuclease (DNase) I (SIGMA, DN25) and 
Ribonucleases (RNase) A (INVITROGEN, 12091-
021) were added at a final concentration of 10 μg/
ml each into 50 ml of phage lysate, the mixture 
incubated at 37° for 1 h. Another round of DNase 
I and RNase A were added and incubated at 37° for 
30 min. The nucleases were then inactivated at 65° 
for 20 min. Next, a precipitant solution was added to 
the lysate, resulting in a final concentration of 1 M 
NaCl and 10 % (w/v) PEG-8000, then settled at 4° 
overnight. Subsequently, the mixture was centrifuged 
at 4°, 12 000 RCF for 20 min and the pellet was 
resuspended with 200 μl of SM buffer. Then, 5 μl 
of proteinase K (NEB, P8107S) supplemented with 
0.5 % Sodium Dodecyl Sulfate (SDS) were added 
to the resuspension, incubated at 56° for 1 h after 
gently mixing. Then another round of proteinase K 
was added, and incubated for an additional hour, 
following the inactivation at 65° for 20 min. The 
phage Deoxyribonucleic Acid (DNA) was extracted 
using the GeneClean® turbo kit, following the 
protocol provided by the kit. 
Phage genome assembly and annotation:

For genome assembly, the single-end library of 
the phage genome DNA was prepared using the 
MGlEasy universal DNA library prep kit, and then 
sequenced on the DNBSEQ-E5 platform (MGI, BGI-

Shenzhen, China). Raw data were filtered with fast to 
remove poor-quality reads and then assembled using 
SPAdes[20]. 

For functional gene annotation, gene prediction 
was performed using prodigal[21]. BLASTp searches 
against the National Center for Biotechnology 
Information (NCBI) database[22] and hmmscan 
searches against the UniProt/Swiss-Prot database 
were conducted. Final function annotation results 
were obtained through manual investigation of the 
amino acid homology search results. The genome 
map was conducted using Proksee[23].

The virulent factor was searched against databases 
such as the Virulence Factors Database (VFDB, 
http://www.mgc.ac.cn/VFs/). The antibiotic gene was 
identified by searching against the Comprehensive 
Antibiotic Resistance Database (CARD)[24] and 
ResFinder Database[25]. The transfer Ribonucleic 
Acid (tRNA) genes were identified with tRNAscan-
SE[26].

Phylogenetic tree construction of the phage:

We searched ‘C. freundi phage’ and downloaded the 
non-redundant nucleotides from NCBI. Selected their 
large terminate sequences and performed the multiple 
sequences alignment with the online software miff[27], 
then constructed the phylogenetic tree with fast tree 
and visualized it with MEGA 11[28,29]. 

Linear comparison of the phages:

To perform the linear comparison of the phage 
genomes, the Gene bank file of the phage genomes 
were uploaded to the website https://gbkviz.streamlit.
app/, select the ‘Genome Comparison Type’ as 
‘Nucleotide One-to-One’, set the ‘Min Identity (%)’ 
to 85 %.

RESULTS AND DISCUSSION

Having performed the phage isolation and 
purification steps, we obtained a strain of C. freundii 
phage, and we named it as CPB1126, storage it in 
Global Phage Hub (GPH). The plaques was clear, 
has a neat edge and its diameter was about 1 mm. 
The TEM graphs revealed that it has the morphology 
of Myoviridae-like phage, characterized with a 
polyhedron-shaped head measuring 112±6.2 nm 
(mean±Standard Deviation (SD)) in length and 
81±5.4 nm in width, along with tail measuring 
103±3.7 nm in length (fig. 1).
We then tested the optimal MOI of CPB1126. The 
resulting titers of the phages at MOI 0.001, 0.01, 



www.ijpsonline.com

Special Issue 4, 2024Indian Journal of Pharmaceutical Sciences60

Fig. 1: The TEM image of phage CPB1126

Fig. 2: Determination of optimal MOI for phage CPB1126

accumulate a broader range of bacterial strains and 
phage resources for comprehensive studies.
To assess its stability, we examined the activity of 
CPB1126 following treatment with varying pH levels, 
temperatures and concentrations of chloroform. The 
results of pH stability tests revealed that CPB1126 
have a broad pH tolerance range from pH (2-11) 
(fig. 4). The titer was not changed from pH (6-9) and 
maintains good stability from pH (3-10). When the 
pH falls below 2 or exceeds 11, the phage loses its 
activity. CPB1126 has an extremely high tolerance 
to chloroform, as it does not affect the activity of 
CPB1126, suggesting that CPB1126 does not have a 
lipid-containing envelope structure (fig. 5). CPB1126 
also has a high tolerance to cold and can maintain its 
activity at -20°. However, its tolerance to heat is low, 
with activity partially lost at 65° and completely lost 
at 85° (fig. 6). Combining these results, we suggest 
that CPB1126 possesses the potential to be adaptable 
for conventional transportation and be suitable for 
environmental and aquaculture disinfection. 

0.1, 1 and 10 was 2.8×109, 3.68×109, 4.07×109, 
3.85×109 and 3.83×109 PFU/ml (fig. 2). Therefore 
the optimal MOI of CPB1126 targeting C. freundii 
strain RTGS0227 is 0.1.
The one-step growth curve revealed that CPB1126 
finished two rounds of explosive growth within  100  
min  infecting  RTGS0227,  as  shown  in fig. 3. The 
latent period and the resting period were both about 
20 min. The burst size of the first rising during (20-
40) min was 21.33, and the burst rise of the second 
rising during (60-80) min was 19.36. Therefore, 
the burst size of CPB1126 was about 20 phages per 
infected bacterial cell.
The ability of CPB1126 to infect several common 
resistant bacteria was tested using spot assays, as 
shown in Table 1. The results showed that CPB1126 
could infect C. freundii strain RTGS0227 and C. 
werkmanii ATCC51114, indicating CPB1126 is 
a cross-species infecting Citrobacter phage, and 
suggesting its potential candidacy for specific 
biological control applications. For further bacteria-
phage interaction investigations, we need to 
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Fig. 3: The one step growth curve of CPB1126

Fig. 4: Stability of CPB1126 in response to pH

Species Strain ID Infection

C. freumdii RTGS0227 Y

C. werkmanii ATCC51114 Y

Enterococcus faecalis JLDX0005 N

Enterococcus faecalis JLDX0006 N

Enterococcus faecalis XJY0012 N

Bacillus cereus BC2402 N

Cronobacter sakazakii CS3338 N

TABLE 1: THE HOST RANGE OF PHAGE CPB1126
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Fig. 5: Stability of CPB1126 in response to concentration of chloroform 

Fig. 6: Stability of CPB1126 in response to temperature

The genome of phage CPB1126 was 172 165 bp in 
length with the GC content of 38.64 %. It carried 
ten tRNA genes and no integrase was carried. 
Neither virulent factor nor antibiotic genes was 
found in CPB1126, suggesting its safety during its 
applications. There were 302 Coding Sequences 
(CDSs) in the genome of CPB1126, of which 132 
were hypothesis or unknown function proteins, 
and 170 were annotated as proteins with known 
functions, resulting in a function annotation ratio of 
56.3 %. The genome of CPB1126 was submitted to 
National Microbiology Data Center (NMDC) with 
the accession number of NMDCX0000235 (https://
nmdc.cn/resource/genomics/attachment/detail/

NMDCX0000235), and the genome map as shown 
in fig. 7.
To investigate the relationship between CPB1126 
and other C. freundi phages, we obtained 34 non-
redundant genomic sequences of C. freundi phages 
from NCBI for constructing a phylogenetic tree.  After 
performing function annotation, it was determined 
that only 20 strains harbor the large terminase gene. 
Subsequently, a phylogenetic tree was constructed 
using the large terminase sequences from these 20 
downloaded strains and CPB1126, as shown in fig. 
8. The phylogenetic tree showed that CPB1126 was 
located in the same branch with the Citrobacter 
phages NC_028857, NC_042067, and NC_027331. 
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According to NCBI, the three strains of Citrobacter 
phages belong to the order of Caudoviricetes, family 
of Straboviridae, sub-family of Tevenvirinae, and 
genus of Moonvirus. Therefore the tree suggest that 
CPB1126 belong to the genus of Moonvirus.
We then performed the genomic linear comparison of 
CPB1126 and the other 8 strains that located adjacent 
to CPB1126 on the phylogenetic tree, as shown in 
fig. 9. The result showed that CPB1126 exhibits 
a comparable genomic structure to NC_028857, 
NC_042067, and NC_027331, with the majority of 
CDSs sharing identities exceeding 85 %. Meanwhile, 
phage MH823906, NC_028755, NC_025414, and 
NC_029013, which located on distinct branches of 
the phylogenetic tree exhibited different genomic 
structures. Although CPB1126 shared some similar 
genomic structures with NC_028857, NC_042067, 
and NC_027331, we noticed that these four strain have 
great dissimilarities on the CDSs annotated as ‘long 
tail fiber distal subunit’, suggesting they probably 
absorb to different receptors on the host bacterial 
cell wall, and highlighting the novelty of CPB1126. 
Moreover, the differences on their tails could 
potentially make them serve as a reserve material for 
forming of a broad-spectrum bacteriophage cocktail.
The orange arrows indicates the CDSs and their 
directions. The blue color blocks indicate that the 

identity between the upper and lower sequences is 
>85 %. The red arrows are the CDSs annotated as 
long tail fiber distal subunit mentioned above.
The inhibition effects were shown by the killing 
curve assays (fig. 10). The results showed that 
CPB1126 could not effectively kill C. freundii strain 
RTGS0227 at MOI 0.001. When MOI was 0.01, both 
the phage-treated bacteria and the phage-free bacteria 
first rapidly grow together for about 1.5 h, and then 
the phage-treated bacteria eventually are inhibited by 
the phages. When MOI was 0.1, 1 or 10, the bacteria 
no longer rapid grow phase, and the absorbance 
slightly increased and then decreases again. This 
result indicates that CPB1126 can already show great 
inhibition ability at an MOI of 0.1 or higher, and 
provides great assets for future infection treatments.
In this study, we isolated a stable strain of C. freundii 
phage named CPB1126 from hospital sewage. It can 
perform clear and tiny plaques on both C. freundii 
strain and can C. werkmanii strain. CPB1126 is very 
stable, remaining good activity at the pH range of 
3-10, or at temperatures ranging from 4° to 55° for 
1 h, and even maintain partial activity under -20° 
and 65°. It is also tolerant to high concentration of 
chloroform as well. Hence, it possesses the potential 
to be adaptable for conventional transportation 
and be suitable for environmental and aquaculture 
disinfection. 

Fig. 7: The genome annotation map of CPB1126
Note: (  ): CDS; (  ): Structure; (  ): Assembly; (  ): Replication and transcription; (  ): Lysis and (  ): DNA maintenance
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Fig. 8: The phylogenetic tree of CPB1126

Fig. 9: Genome comparison of CPB1126 and 8 Citrobacter phages
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Fig. 10: The inhibition effects of phage CPB1126 targeting C. freundii
Note: (  ): RTGS0227-control; (  ): 1126-MOI-0.001; (  ): 1126-MOI-0.01; (  ): 1126-MOI-0.1; (  ): 1126- 
MOI-1 and (  ): 1126-MOI-10

The antibacterial ability of CPB1126 is strong. The 
phage killing curve showed that CPB1126 showed 
strong bacterial inhibit effects under the range of MOI 
from 0.1 to 10. MOI 0.1 is effective already thereby 
a low concentration of phages is need for usage. The 
genome of CPB1126 is about 172 kb, encoding 302 
CDSs but 132 CDS of them are unknown proteins. 
The genome of CPB1126 does not carry any virulent 
factors, antibiotic genes, and integrases, thus 
rendering it a safe lytic phage. There are only 34 non-
redundant genomes of C. freundii phages on NCBI. 
With the phylogenetic tree, CPB1126 is identified 
as the family of Straboviridae, the sub-family of 
Tevenvirinae, and the genus of Moonvirus. Through 
genomic linear comparison, we observed significant 
dissimilarities in the distal subunit protein of the long 
tail fiber among these four strains, implying potential 
variations in receptor attachment and highlighting 
the novelty of CPB1126. Moreover, the differences 
on their tails could potentially make them serve as 
a reserve material for forming of a broad-spectrum 
bacteriophage cocktail.
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