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ABSTRACT 

AIMS 

This study aimed to isolate virulent bacteriophages (phages) with the capacity to lyse 

clinical strains belonging to the genus Serratia. Furthermore, we aimed to 

characterize these phages both genomically and in terms of their potential to treat 

experimental Serratia infections.  

METHODS AND RESULTS 

Virulent phages were isolated from water samples collected close to sewage outlets 

around Nottinghamshire, UK, using the clinical bloodstream isolate Serratia 

marcescens UMH9 as the host. Two phages, vB_SmaP_10b_1 (Sm10b_1) and 

vB_SmaS_12 (Sm12) were selected for whole genome sequencing and further 

characterization. Comparative genomics and proteome-based analyses identified 

Sm10b_1 represents a novel genus within the order Autographivirales whereas 

Sm12 represents a novel species belonging to a novel genus within the subfamily 

Queuovirinae. Host range analysis against a collection of clinical and environmental 

Serratia spp. (n=19) confirmed both phages produced plaques on at least 40 % of 

the strains tested. In vivo efficacy of Sm10b_1 was determined by infecting Galleria 

mellonella larvae with S. marcescens UMH9 or S. odorifera Me113 (catheter-

associated urinary tract infection isolate) followed by injection of phage Sm10b_1 

(1x107 pfu). Phage treatment significantly improved survival of larvae infected with S. 

marcescens (0 % survival untreated vs 67 % survival treated, P < 0.0001) or S. 

odorifera (7 % survival untreated vs 70 % survival treated, P < 0.0001).  
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CONCLUSIONS 

Sm10b_1 and Sm12 represent novel lytic phages with broad host ranges against 

clinical isolates of the genus Serratia. Sm10b_1 was found to be highly effective at 

treating experimental infections caused by S. marcescens and S. odorifera.  

IMPACT STATEMENT 

Serratia spp. are an important cause of healthcare-associated infections worldwide. 

Increased incidence of antibiotic resistance within the genus is a serious concern 

and novel treatment options are needed. Here we report the isolation of two novel 

phages with future potential for the treatment of infections caused by Serratia spp.  
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INTRODUCTION 

Serratia spp. are Gram-negative, facultatively anaerobic bacilli belonging to the 

family Yersiniaceae. Members of the genus have been isolated from a diverse range 

of environments and are responsible for causing a range of infections in 

humans(Mahlen, 2011), animals (Armstrong, 1984; Guardo et al., 1997), insects 

(Flyg et al., 1980) and plants (Zhang et al., 2005). The most prominent member of 

the genus is the opportunistic pathogen Serratia marcescens. S. marcescens is an 

important cause of healthcare-associated infections, most notably catheter-

associated bacteraemia, wound infections, and urinary tract infections (A. Hejazi & F. 

R. Falkiner, 1997). However, epidemiological studies have identified that S. 

marcescens infections are not limited to hospital settings, with reports of up 47 % of 

infections developing within the community (Engel et al., 2009). Antibiotic resistance 

in Serratia spp. is a growing concern. S. marcescens is intrinsically resistant to 

multiple frontline antibiotics including ampicillin, and first- and second-generation 

cephalosporins and macrolides (Tavares-Carreon et al., 2023). Of particular concern 

are carbapenemase-producing strains, such as those possessing the chromosomally 

encoded Serratia marcescens enzyme (SME) class A carbapenemase (Hopkins et 

al., 2017), or the plasmid-borne blaKPC-2 and blaKPC-3 enzymes (Chen et al., 2022; 

Wang et al., 2022). The potential expansion of multidrug-resistant (MDR) S. 

marcescens strains (Moradigaravand et al., 2016) may limit the therapeutic utility of 

traditional antibiotic chemotherapy; therefore, alternative treatment strategies for this 

emerging pathogen are required.  

Bacteriophages (phages) are viruses which infect bacterial hosts. Virulent (lytic) 

phages are characterized by destruction of the host cell on completion of replication, 

allowing for the release of new virions. Temperate (lysogenic) phages incorporate 
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their genome into the host chromosome and are often referred to as prophages, with 

their DNA being replicated upon each round of host chromosomal replication. 

Temperate phages can also excise their DNA from the host chromosome and enter 

the lytic cycle. This process is often induced by various stressors, particularly in 

response to DNA damage which evokes the SOS response (Salsabil Makky et al., 

2021). Due to the antimicrobial action of phages, there has been renewed interest in 

characterizing and developing these viruses as potential therapeutics, especially 

against MDR strains of bacteria. Although there are previous reports of lytic phages 

isolated against clinical strains of S. marcescens (Matsushita et al., 2009; Tian et al., 

2019; Weber et al., 2020), limited data exist regarding the efficacy of phage therapy 

in experimental models of Serratia infection. Moreover, only a limited number of 

complete genomes exist for phages infecting members of the genus Serratia. A 

recent (April 2025 release) search of the INfrastructure for a PHAge REference 

Database (INPHARED) (Cook et al., 2021) of complete phage genomes from 

GenBank identified only 81 complete phage genomes which list the genus Serratia as 

the isolation host. Therefore, this study aimed to characterize the host ranges, 

genomes and therapeutic potential of two virulent phages isolated against S. 

marcescens UMH9, a bloodstream infection isolate (Anderson et al., 2017) which 

produces the sialylated KL1 capsule associated with clinical infections (Anderson et 

al., 2022, 2025).  
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MATERIALS AND METHODS 

Strain and cultivation information 

Details of all strains used in this study are provided in Table 1. Serratia spp. were 

grown on tryptone soy agar (TSA; Fisher Scientific) unless stated otherwise. 

Tryptone soy broth (TSB; Fisher Scientific) was used for overnight cultures which 

were incubated aerobically at 37 °C with shaking (160 rpm) for 16 h.  

 

Isolation of phage 

All media used in the isolation, propagation and characterization of phage were 

supplemented with CaCl2 and MgCl2 (both at 0.5 mM). Water samples (n = 27) were 

collected from rivers close to sewage outlets around Nottinghamshire, UK from May 

to June 2022 (Supplementary Table 1) and filtered with 0.45 μm cellulose acetate 

filters (Millipore). For the enrichment of phage, 5 ml aliquots of filtered river water 

were mixed with an equal volume of 2 x TSB and inoculated with 100 μl of an 

overnight culture of the indicator strain, S. marcescens UMH9. Samples were 

incubated for 48 h with shaking (150 rpm) at 37 °C. Whole cells and debris were 

pelleted by centrifugation (6,000 x g, 15 min) and the supernatant containing 

propagated phage was filtered (0.45 μm cellulose acetate filter; Millipore). The filtrate 

was serially diluted in SM buffer (0.2 M NaCl2, 0.01 M MgSO4, 0.05 M Tris-HCl, pH 

7.5) and individual plaques were obtained using the double-layer agar technique with 

S. marcescens UMH9 as the indicator strain. Phages were purified by picking 

individual plaques into 100 μl sterile SM buffer, followed by vigorous vortexing and 

ten-fold serial dilution in SM buffer. Single plaques were again obtained using the 
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double-layer agar technique with S. marcescens UMH9 as the indicator strain. To 

ensure purity, individual plaques were picked and serially diluted a minimum of three 

times.  

 

Visualization of phage morphology 

For transmission electron microscopy (TEM), formvar/carbon grids (200 Mesh 

Copper, Agar Scientific) were prepared by glow discharge (10 mA, 10 s) using a 

Q150R ES sputter coater (Quorum Technologies). Bacteriophage suspension (15 µl, 

approximately 5 x 109 pfu ml-1) was pipetted onto the surface of the grids for 30 s 

before blotting with Whatman filter paper. Samples were then stained by pipetting 15 

µl of 2 % phosphotungstic acid onto the grids. Excess stain was removed with 

Whatman filter paper and grids air dried for a minimum of 5 min. Samples were 

visualised using a JOEL JEM-2100Plus TEM at an accelerating voltage of 120 kV. 

Mean capsid diameter and mean tail length were calculated from the measurements 

of three separate phage images.  

 

Host-range analysis 

Phage host range was determined by spot test. Overnight cultures (16 h growth) of 

prospective host strains (100 µl) were combined with 5 ml of molten 0.6 % TSA and 

the mixture was gently swirled before being poured onto TSA plates. Once solidified, 

5 µl of phage lysate, ~1 x 108 plaque forming units (pfu) ml-1, was spotted onto the 

plates, allowed to dry and plates were incubated at 37 °C for 16 h. The following day, 

plates were inspected for lysis, with results recorded according to a modification of 

(Haines et al., 2021).  
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Efficiency of plating 

Efficiency of plating (EOP) was determined by serial dilution of phages and titration 

to determine to pfu/ml produced against each Serratia strain used in the study. 

Briefly, overnight cultures of Serratia spp. (100 µl) were combined with 100 µl of 

phage dilution and 5 ml of molten 0.6 % TSA and the mixture was gently swirled 

before being poured onto TSA plates. Plates were incubated for 16 h and number of 

plaques produced was used to calculate the pfu/ml produced for each prospective 

host. EOP was determined for each phage by dividing the pfu ml-1formed on the 

routine propagation host (UMH9) relative to the pfu ml-1 observed on a test strain. 

 

Detection of prophages  

The presence of potential prophages within the genome of indicator strain S. 

marcescens UMH9 (NCBI accession CP018923) was determined using the 

prophage prediction tool PHASTEST (Wishart et al., 2023).  

 

Phage DNA sequencing, genome assembly and annotation 

Phage lysates (~1 x 108 pfu ml-1) were concentrated using centrifugal concentrators 

and phage DNA was extracted as described previously (Smith-Zaitlik et al., 2022). 

Sequence data were generated on our in-house Illumina MiSeq platform, with the 

Nextera XT DNA library preparation kit (Illumina) to produce fragments of 

approximately 500ௗbp. Fragmented and indexed samples were run on the sequencer 

using a Nano flow cell with the MiSeq Reagent Kit v2 (Illumina; 250-bp paired-end 

reads) following Illumina’s recommended denaturation and loading procedures. The 
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quality of the reads was determined using FastQC v0.11.9.  Reads were trimmed 

with Trimmomatic (Bolger et al., 2014) to an average phred score of 20 and 

assembled using SPAdes v3.15.4 (default settings) (Bankevich et al., 2012). 

Assembled genome sequences were annotated using Pharokka v1.6.1 (v1.4.0 

databases), with dnaapler used to reorientate the circular genomes so that they 

began at the terminase large subunit gene, terL (Bouras et al., 2023). Completeness 

and contamination of the two genomes were assessed using CheckV v1.0.1 

(checkv-db-v1.5) (Nayfach et al., 2021). Genome sequences of Phage 

vB_SmaP_10b_1 (Sm10b_1) and Phage vB_SmaS_12 (Sm12) have been 

deposited with NCBI under accessions PX000100 and PX000101 respectively. 

Annotated files are available for download via figshare. 

 

Phage comparative genomics 

To generate a gene-sharing network, proteomes of 21,625 phages from the 

INPHARED database (1 February 2024 dataset; https://millardlab-

inphared.s3.climb.ac.uk/1Feb2024_vConTACT2_proteins.faa.gz) and the two query 

phages were clustered using vConTACT2 (v0.9.19; default settings) and data 

visualized in Cytoscape v3.10.1 using the yFiles organic layout (Bolduc et al., 2017; 

Cook et al., 2021). The viral clusters (VCs) containing the two query phages were 

determined based on detection of the first neighbours of both novel phages within 

the complete network, and phylogenetic trees (bionj) were generated from all phages 

within the same VCs using VipTree v1.1.2 (default settings) (Nishimura et al., 2017). 

Genomes belonging to both VCs were annotated using Pharokka (--

skip_extra_annotations) but were not reoriented using dnaapler; the large terminase 
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protein TerL sequences from these annotations were used in subsequent analyses 

with the TerL sequences of phage Sm12 and phage Sm10b_1. Annotated files are 

available for download via figshare. 

The TerL sequences were aligned using Clustal Omega (v1.2.2), with the multiple 

sequence alignments used to generate maximum likelihood phylogenetic trees with 

PHYML 3.3.20180621 (Blosum62; 100 bootstraps) in Geneious Prime 2023.0.1. The 

intergenomic similarity between phages within the same VCs was determined using 

VIRIDIC web (v1.0) (Moraru et al. 2020). 

Pairwise alignments of phage host recognition proteins were performed in Geneious 

Prime 2023.0.1. using Clustal Omega.  

 

Purification of phage lysates for use in vivo 

To remove potential contamination (e.g. lipopolysaccharide) from phage lysates prior 

to use in vivo, phage stocks were further purified by polyethylene glycol (PEG) 

precipitation, chloroform extraction and ultrafiltration (Hietala et al., 2019). Phage 

lysates (500 ml) were combined with PEG 8000 (10 % w/v, final concentration) and 

NaCl (0.5 M, final concentration) and phage were allowed to precipitate overnight at 

4 °C. Precipitated phage were pelleted by centrifugation (15,000 x g, 15 min, 4 °C) 

and the pellet resuspended in 50 ml of SM buffer. An equal volume (50 ml) of 

chloroform was added and the suspension was incubated with gentle agitation at 

room temperature for 20 min. The phases were separated by centrifugation (5,000 x 

g, 10 min, 21 °C) and the aqueous phase containing the purified phage was carefully 

recovered. To remove any remnants of chloroform, recovered phage were 

transferred to a vivaspin ultrafiltration device with a molecular weight cut-off of 30 
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kDa (Sartorius) and buffer exchanged against SM buffer. Recovered phage were 

passed through a 0.45 μm cellulose acetate filter (Millipore) and stored at 4 °C until 

required.  

 

Efficacy of phage therapy in a Galleria mellonella model of Serratia infection 

G. mellonella larvae were sourced from the UK based supplier Livefoods Direct. Any 

larvae showing signs of melanisation were discarded and the remaining larvae were 

weighed. Only larvae weighing between 200 and 300 mg were selected for use in 

experiments. Larvae were used in experiments on their day of arrival. In vivo 

experimental infections were performed with strains S. marcescens UMH9 and 

Serratia odorifera Me113, recovered from a catheter-associated urinary tract 

infection (Eladawy et al., 2025). The infectious dose required to cause at least 80 % 

mortality within 48 h of injection was first determined by serial dilution of each strain 

in sterile phosphate-buffered saline followed by injection (10 µl of dilution) into the 

right hind proleg of the larvae (n = 10 per group). The number of colony-forming units 

(cfu) injected was determined by serial dilution of the injection and plating to TSA. 

Injected larvae were incubated at 37 °C over a period of six days and survival was 

recorded every 24 h.  

To determine the efficacy of phage treatment in improving survival, larvae n = 10 per 

group, per condition were used. Experiments were performed three times (three 

biological repeats) giving a total of 30 larvae used for each condition. Larvae were 

then subjected to the following conditions: Group 1, injected with 10 cfu Serratia, not-

treated; Group 2, injected with 10 cfu Serratia, treated with 1x107 pfu phage; Group 

3, injected with 1x107 pfu phage only; Group 4, injected with SM buffer only; Group 
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5, un-injected control. Treated larvae were injected with PEG-purified phage in SM 

buffer. Treatment injections were given 30 min post-infection and phage were 

administered via injection to the opposite hind proleg to infection. Injected larvae 

were incubated at 37 °C over a period of 144 h and survival was recorded every 24 

h. The number of cfu administered was confirmed via serial dilution and plating of 

injections. Statistically significant differences in survival rates between groups were 

determined by plotting Kaplan-Meier curves and performing log-rank tests.  

 

In-silico identification of Serratia proteases 

Potential insecticidal proteases encoded by either S. marcescens UMH9 or S. 

odorifera Me113 were identified by performing a megablast of nucleotide query 

sequences against the genomes of the two Serratia spp. Query sequences were 

serralysin (prtS) accession MG020512.1 and the serralysin-like proteases (slp) slpB, 

slpC, slpD and slpE, NCBI accessions MG020513.1, WP_038629638.1, 

WP_025302762 and KT901292.1, respectively.  

 

RESULTS 

Isolation and characterization of Serratia spp. phages 

For the isolation of phages against Serratia spp. we collected water samples from 

rivers close to sewage outlets around Nottinghamshire, UK, using S. marcescens 

UMH9 as an indicator strain. Firstly, we determined if the genome of S. marcescens 

UMH9 might include complete prophages which could be induced as part of the 

isolation process and possibly confound downstream analysis. Analysis of the UMH9 
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genome using the prophage prediction tool PHASTEST did not detect any prophage-

like sequences within the genome. 

Following initial enrichment of phages in the water samples with strain UMH9, we 

found that 63 % (17/27) of the samples produced a clear zone of lysis when spotted 

on the indicator strain suggesting the presence of lytic phage (Supplementary Table 

1). To maximize the likelihood of further characterizing only genetically distinct 

phages, we selected plaques with distinct morphologies from two samples (Figure 1) 

for further analysis. Hereafter, these are referred to as Phage vB_SmaP_10b_1 

(Sm10b_1) and Phage vB_SmaS_12 (Sm12). Visualization of the phages by TEM 

revealed phage Sm10b_1 to be a podophage (mean capsid diameter 61.72 nm) and 

phage Sm12 to be a siphophage (mean capsid diameter 66.33 nm, mean tail length 

183.58 nm).  

The host range for each phage was determined against a panel of 19 Serratia spp. 

comprising 12 S. marcescens isolates, including 8 clinical isolates, 5 clinical isolates 

of S. liquefaciens one environmental isolate of Serratia plymuthica and one clinical 

isolate of S. odorifera (Table 2). Both phages produced zones of clearing on at least 

40 % of the strains included in the panel suggesting relatively broad host ranges. 

Phage Sm10b_1 exhibited the broadest host range, infecting 52.6 % of strains tested 

(10/19 strains lysed). Plaques produced by phage Sm12 were seen to be 

surrounded by large translucent haloes (Figure 1), often indicative of a phage-

associated depolymerase.  

To better characterize the phages, genome sequence data were generated and gene 

annotations were predicted using Pharokka, a tool developed specifically for the 

annotation of phage genome (Bouras et al., 2023). Based on Pharokka annotations, 
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the genome of phage Sm12 was predicted to encode 101 genes, while that of phage 

Sm10b_1 was predicted to encode 65 genes (Figure 2). Both genomes were of high 

quality according to CheckV (100 % complete, no contamination; DTR high-

confidence). Neither phage genome was predicted to encode genes associated with 

integrases, transcription regulation, CRISPRs, tmRNAs, virulence factors (Virulence 

Factor Database) or antimicrobial resistance genes (Comprehensive Antibiotic 

Resistance Database). Sm12 was predicted to encode a Ser tRNA (ID 

Sm12_tRNA_0001; tRNA1-SerGCT). Sm10b_1 was predicted to encode an RNA 

polymerase (Sm10b_1_CDS_0050). 

A genome-based BLASTN analysis (17 October 2025) identified that phage Sm12 

was genetically similar to Klebsiella phage vB_Ko_K4PH164 (91 % coverage, 97 % 

identity) (accession OY979482; NCBI taxonomy – Duplodnaviria › Heunggongvirae › 

Uroviricota › Caudoviricetes › unclassified Queuovirinae). However, it shares little 

sequence identity with any other entry in NCBI with the next closest nucleotide 

match being Klebsiella phage vB_KppS-Pokey (8 % coverage, 87 % identity). NCBI 

BLASTN analysis (17 October 2025) of the terL gene sequence of phage Sm12 

revealed it shared 95.09 % identity (100 % coverage) with a region of Klebsiella 

phage vB_Ko_K4PH164. 

A genome-based NCBI BLASTN analysis (17 October 2025) showed phage 

Sm10b_1 was not closely related to any sequence in the public database (e.g. 

73.26 % identity and 17 % coverage shared with Cronobacter phage RZ4’s genome) 

(accession LC778449; NCBI taxonomy – 

Duplodnaviria › Heunggongvirae › Uroviricota › Caudoviricetes › Autographivirales › 

Autoscriptoviridae › Stentvirinae › Bonnellvirus). NCBI BLASTN-based analysis (17 
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October 2025) of the terL gene from phage Sm10b_1 found it shared low identity 

(73.35 %, 79 % coverage) with a region of Cronobacter phage RZ4’s genome.   

Proteome-based analyses of the two novel phages’ genetic content were undertaken 

with vConTACT2 and the INPHARED database of 21,625 phage proteomes 

(Supplementary Figure 1). The VCs the two phages belonged to were identified 

using first neighbour analysis (undirected) in Cytoscape: Sm12 had 247 first 

neighbours (Figure 3A), while Sm10b_1 had 25 first neighbours (Figure 4A). Phage 

Sm12 was found to be closely associated with Klebsiella phage vB_Ko_K4PH164 

and other members of the subfamily Queuovirinae (namely, Nonagvirus, Seuratvirus 

and Nipunavirus) (Figure 3A), while phage Sm10b_1 was related to members of the 

order Autographivirales  (Figure 4A). 

The genomes of the two sets of first neighbours were annotated using Pharokka and 

included in ViPTree analyses with the genomes of phage Sm12 (Figure 3B) and 

phage Sm10b_1 (Figure 4B), and included in VIRIDIC-based analyses 

(Supplementary Figure 2 and Supplementary Figure 3). VIRIDIC uses 

intergenomic similarity thresholds to define phages that belong to the same species 

(95 %) and genera (70 %). TerL-based analyses were also undertaken for the two 

phages and their closest relatives (Figure 3C, Figure 4C). 

VIRIDIC analysis of phage Sm12’s genome with 62 members of the subfamily 

Queuovirinae showed it shared 89.5 % intergenomic similarity with the genome of 

Klebsiella phage vB_Ko_K4PH164 (Supplementary Figure 2). The genomes of 

phages Sm12 and vB_Ko_K4PH164 shared 54.0 to 55.3 % intergenomic similarity 

with Enterobacter phage EC151 (accession MW464860; NCBI taxonomy – 

Duplodnaviria › Heunggongvirae › Uroviricota › Caudoviricetes › unclassified 
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Queuovirinae) and <20 % intergenomic similarity with all other phage genomes 

included in the VIRIDIC analysis (Supplementary Figure 2). Enterobacter phage 

EC151, previously described as representing a novel genus related to the genera 

Seuratvirus, Nonagvirus, and Vidquintavirus (Morozova et al., 2021) was the closest 

relative of both phage Sm12 and phage vB_Ko_K4PH164 in our ViPTree analysis 

(Figure 3B). TerL-based analysis confirmed this association (100 % bootstrap 

support (Figure 3C). Taken together, our findings from proteome- and genome-

based analyses show phage Sm12 and phage vB_Ko_K4PH164 represent two 

different species of phage belonging to the same novel genus within the subfamily 

Queuovirinae. The genomic arrangement of Sm12 and vB_Ko_K4PH164 showed a 

high level of synteny (Supplementary Figure 4). Previous analysis of phage host 

recognition proteins encoded by vB_Ko_K4PH164 identified the central tail fiber J 

protein (accession CAK6605323) as the primary receptor binding protein and the 
adjacent tail protein (accession CAK6605343) as a potential depolymerase (Ferriol-

González et al., 2024). Alignment of these two proteins with their homologues from 

Sm12 revealed a high degree of amino acid conservation (Supplementary Figures 

5 and 6). The central tail fibers shared 98.9 % amino acid identity whilst the 

predicted depolymerases shared 97.8 % identity across the aligned regions.  

Our analyses of members of the subfamily Queuovirinae also confirmed Escherichia 

phage PLYYY01 (accession MZ911962) to be a species of the genus Seuratvirus 

(77.1–84.1 % intergenomic similarity, Supplementary Figure 2; clusters with the 

genus based on ViPTree and TerL analyses, Figure 3B, 3C). 

According to its VIRIDIC-based analysis, phage Sm10b_1 did not belong to any 

existing genus of the order Autographivirales , sharing between 4.5 and 37.3 % 

intergenomic similarity with its closest relatives (Supplementary Figure 3). Pantoea 
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phage LIMEzero 

[Duplodnaviria › Heunggongvirae › Uroviricota › Caudoviricetes › Autographivirales › 

Autoscriptoviridae › Stentvirinae › Waewaevirus › Waewaevirus limezero; 

(Adriaenssens et al., 2011) showed a similar pattern of intergenomic similarity with 

its closest relatives but shared only 30.6 % intergenomic similarity with phage 

Sm10b_1. ViPTree- and TerL-based analyses of phage Sm10b_1 and its closest 

relatives showed the novel phage clustered with members of the genera 

Waewaevirus and Bonnellvirus but was distinct from these taxa, with 100 % 

bootstrap support for the association in the TerL-based analysis (Figure 4B, 4C). 

Taken together, our findings from proteome- and genome-based analyses show 

phage Sm10b_1 represents a novel genus within the order Autographivirales . 

As expected from our phylogenetic analyses (Figure 4B, 4C), members of the genus 

Bonnellvirus clustered together in the VIRIDIC-based analysis (Supplementary 

Figure 3), confirming Cronobacter phage RZ4’s affiliation with the genus. 

 

In vivo efficacy of phage Sm10b_1 in G. mellonella 

Based on the wider host range of phage Sm10b_1 and its capacity to cause clear 

zones of lysis on a second Serratia species (S. odorifera, Table 2), we sought to 

determine its therapeutic potential in vivo using the G. mellonella larvae model. 

Galleria larvae were injected with a lethal dose of either S. marcescens UMH9 

(clinical bloodstream isolate) or S. odorifera Me113 (clinical catheter-associated 

urinary tract infection isolate) followed by an injection of phage Sm10b_1 (1x107 pfu) 

30 min later. Survival of the treated group was compared to that of an untreated 

cohort over a six-day period. The results in Figure 5a show that untreated larvae 
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injected with S. marcescens UMH9 quickly succumbed to infection, with 100 % 

mortality seen by 24 h. In comparison, larvae treated with Sm10b_1 had a survival 

rate of 67 % at the end of the six-day study period with phage treatment significantly 

improving larvae survival versus non-treated controls (P < 0.0001, log-rank test). 

Similarly, phage treatment was found to be effective at preventing lethal infection 

with S. odorifera, with only 7 % of untreated larvae surviving for six days compared 

to 70 % survival in the treated group (Figure 5b) (P < 0.0001, log-rank test). In both 

experiments, controls of non-injected larvae and larvae injected with SM buffer only 

showed 100 % survival at the end of the study period. 

 

In-silico identification of Serratia proteases 

As Serratia spp. are known to produce the insecticidal proteins serralysin (PrtS) and 

the serralysin-like proteases SlpB, SlpC, SlpC and SlpE, we undertook a 

bioinformatic analysis of the genomes of S. marcescens UMH9 and S. odorifera 

Me113 to identify potential homologous of these proteins (Table 3). We identified that 

S. marcescens UMH9 contained homologues of serralysin (prtS), slpC, slpD and 

slpE. S. odorifera contained a homologue of prtS.  

 

DISCUSSION 

Phage therapy has been investigated for the treatment of numerous important 

antibiotic-resistant pathogens, including carbapenem-resistant Acinetobacter 

baumannii (Jeon et al., 2019), vancomycin-resistant Enterococcus faecium (Biswas 

et al., 2002) and multidrug-resistant Staphylococcus aureus (Kifelew et al., 2020). 

Favourable outcomes in animal models have resulted in phage therapy reaching 
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clinical trials for the treatment of various diseases (Karn et al., 2024; Kim et al., 2024; 

Tamma et al., 2022; Wright et al., 2009). The rise of multidrug-resistant Serratia spp. 

poses a significant threat to hospitalised and immunocompromised patients, and 

phage therapy may provide a viable alternative treatment. To this end, we sought to 

isolate virulent phages from rivers using a clinical isolate of S. marcescens as a host. 

Our results suggest that phages of S. marcescens may be prevalent in river water 

located in the vicinity of sewage outlets. We found that water samples collected from 

distinct locations produced lytic plaques on UMH9 following phage enrichment. 

Others have also documented that Serratia phages are readily isolated from water 

and sewage (Casey et al., 2017; Hao et al., 2018; Li et al., 2022; Williams et al., 

2019) in addition to a diverse range of other locations including compost (Casey et 

al., 2017) and pig farms (Price et al., 2019).  

Although phage therapy is available in countries including Russia and Georgia 

(Międzybrodzki et al., 2021), the regulatory framework around the future use of 

phages in human medicine is likely to differ between geographical regions and is still 

developing (Yang et al., 2023). It has been suggested that high-quality genome 

sequences should be available for phages used in a therapeutic setting (Abedon et 

al., 2017; Philipson et al., 2018; Suh et al., 2022). This allows for the detection of 

genetic elements which may render the phages unsuitable for use in vivo. This 

includes the presence of integrase genes which suggest a temperate lifestyle and 

the potential for transfer of toxin genes or antibiotic resistance determinants (Torres-

Barceló, 2018). The high-quality complete genomes of Sm10b_1 and Sm12 were 

found to be free from integrases, virulence factors and antimicrobial resistance 

genes, making them suitable candidates for future phage therapy from a genetic 

standpoint. Genome sequencing also assists with taxonomy and it can be possible to 
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infer shared properties if phages share significant sequence similarity. Guidelines 

from the International Committee on Taxonomy of Viruses suggest that, for genome-

based phage taxonomy, assignment to taxonomic ranks should be based on 

nucleotide sequence identity across entire genomes (Turner et al., 2021). The 

starting point for such analyses is often identifying closest nucleotide relatives using 

the basic local alignment search tool (BLAST) and the NCBI database of nucleotide 

sequences. Our initial BLAST searches identified that Sm12 shared little sequence 

identity with any entry in the database whereas Sm10b_1 appeared highly related to 

Klebsiella phage vB_Ko_K4PH164. According to NCBI taxonomy data, Klebsiella 

phage vB_Ko_K4PH164 is currently assigned as an unclassified member of the sub-

family Queuovirinae within the Caudoviricetes and does not belong to any 

recognised genus (currently there are eight recognised genera within the sub-family). 

The ICTV has established that phages belong to the same genus if they share equal 

to or greater than 70 % nucleotide identity across the full genome (Turner et al., 

2021). Using the protein-sharing network tool vConTACT2 and the 

INPHARED database of phage genomes we were able to identify other phages 

which formed VCs with Sm10b_1 and Sm12. We then used VIRIDIC to establish the 

intergenomic similarity between phages identified within these clusters. Our analyses 

identified that the VC containing Sm12 contained 6 potentially novel genera within 

the subfamily Queuovirinae whilst the VC containing Sm10b_1 contained a total of 

three potentially novel genera within the order Autographivirales . The affiliation of 

Sm10b_1 to this family is further strengthened by the presence of an RNA 

polymerase gene within the genome, recognised as a “signature” gene of the family 

(Lavigne et al., 2008).  

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/advance-article/doi/10.1093/jam
bio/lxag011/8418252 by N

ottingham
 Trent U

niversity user on 12 January 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

 

Taxonomic assignment to these novel genera was confirmed by whole proteome 

phylogenetic analysis using ViPTree and further phylogenetic analysis using the 

terminase large subunit protein sequence (TerL).  TerL, is considered a ‘hallmark’ 

protein that is frequently used for phylogenetic reconstruction of phages belonging to 

the Caudoviricites (Benler et al., 2021). Trees generated using either whole 

proteomes or TerL sequences were highly similar. Both approaches resulted in the 

same nearest neighbours being identified for both phages. These results further 

highlight the potential for TerL-based phylogeny of Caudoviricites, especially where 

whole genome sequences may not be available.  

We found that Sm12 belonged to a new genus with Klebsiella phage 

vB_Ko_K4PH164. Interestingly, vB_Ko_K4PH164 was isolated using a panel of 

77 Klebsiella spp. reference strains (Ferriol-González et al., 2024). It is often cited 

that closely related phages are expected to infect closely related hosts, with host 

tropism often restricted at the species level (Beatriz Beamud et al., 2023). However, 

broad host range phages have been described in the literature, some with inter-

genus infectivity (Dhungana et al., 2024; Gambino et al., 2020; Hamdi et al., 2017). 

With regard to Serratia phages, phage ΦOT8 originally isolated on Serratia sp. ATCC 

39006 has been shown to also infect Pantoea agglomerans (Evans et al., 2010). 

Additionally, S. marcescens phage UFV01 has been shown to inhibit biofilm 

formation by members of two different genera belonging to the family 

Enterobacteriaceae, suggesting that some Serratia phages can interact with 

biological receptors belonging to genetically disparate hosts (Vieira et al., 2021). The 

high level of amino acid sequence conservation between the host recognition 

proteins (tail fiber protein and predicted depolymerase) of Sm12 and 

vB_Ko_K4PH164 suggests that these phages may bind similar receptors and share 
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host-tropism. However, a slight truncation at the C-terminus of the predicted Sm12 

depolymerase was observed (31 amino acids fewer than that of vB_Ko_K4PH164). 

Thus, future work should explore the potential of phage Sm12 to infect members of 

the genus Klebsiella. The therapeutic potential of phage Sm12 would be broadened 

if capable of infecting two important opportunistic pathogens. 

Currently, there are few studies on the therapeutic potential of Serratia phages, with 

most investigations limited to in vitro characterization of traits such as host range or 

biofilm reduction (Dapuliga et al., 2026; Matsushita et al., 2009; Tian et al., 2019). A 

2020 study highlighted the potential for S. marcescens phage/antibiotic synergy. 

Application of phage SALSA in combination with ampicillin/sulbactam was found to 

eradicate drug-resistant bacterial populations where phage treatment alone could not 

(Weber et al., 2020). A recent study investigated the clinical application of S. 

marcescens phage Spe5P4 to treat a patient suffering from a refractory drug-

resistant S. marcescens-induced pulmonary infection (Duan et al., 2025). Phage 

administration in combination with antibiotics showed good efficacy with amelioration 

of clinical symptoms and no relapse during the follow-up period (140 days after 

phage treatment). Our results, highlighting that phage Sm12 can rescue G. 

mellonella larvae from otherwise lethal S. marcescens and S. odorifera infections, 

build on evidence that phage therapy is a suitable alternative for the treatment of 

infections caused by Serratia spp. We found that G. mellonella larvae were highly 

susceptible to infections caused by Serratia spp. We observed that 10 cfu of S. 

marcescens UMH9 caused 100 % mortality within 24 h and the same dose of S. 

odorifera resulted in 90 % mortality within 72 h. Serratia spp. are recognised as 

insect pathogens. For example, S. marcescens is known to be pathogenic to over 70 

insect species (Grimont et al., 1979). The LD50 for G. mellonella infected with certain 
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strains of S. marcescens has been reported to be as low as 1 cfu (Chadwick et al., 

1990) and others have reported 100 % mortality of larvae infected with 500 cfu 

(Duan et al., 2025). Previous reports have identified that S. marcescens produces a 

range of enzymes that are highly toxic to G. mellonella larvae (Kaska, 1976; 

Lysenko, 1976; Patil et al., 2011). The most well studied of these insecticidal toxins is 

the enzyme serralysin (also known as PrtS), a metalloprotease that causes 

haemolymph bleeding and supresses cellular immunity in silkworms (Ishii et al., 

2014). It has also been implicated in pathogenicity towards G. mellonella (Tambong 

et al., 2014). Additionally, serralysin has been shown to kill mammalian cells (Marty 

et al., 2002) and degrade components of the immune system (Molla et al., 1988). S. 

marcescens is also known to encode a group of proteins known as the serralysin-like 

proteases (SlpB, SlpC, SlpD and SlpE). SlpB and SlpE have been shown to possess 

cytotoxic activity towards airway and ocular cell lines in vitro (Shanks et al., 2015; 

Stella et al., 2017). Our analyses identified homologues of serralysin (prtS) in both S. 

marcescens UMH9 and S. odorifera Me113, whilst UMH9 also contained genes 

sharing high sequence similarity with slpC, slpD and slpE. It is highly likely these 

proteases contribute to the rapid death of the larvae in our experiments and that the 

presence of additional metalloproteases in the genome of UMH9 may account for the 

rapid death of larvae infected with this strain.   

In summary, we have isolated and characterized two novel virulent phages that lyse 

clinically relevant members of the genus Serratia. Extended comparative genomics 

utilising the INPHARED curated database of phage genomes identified phage 

Sm10b_1 represents a novel genus within the order Autographivirales whilst phage 

Sm12 belongs to a novel genus within the subfamily Queuovirinae. As part of these 

analyses we identified a total of three novel genera in the order 

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/advance-article/doi/10.1093/jam
bio/lxag011/8418252 by N

ottingham
 Trent U

niversity user on 12 January 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

 

Autographivirales and six novel genera in the subfamily Queuovirinae. Therapeutic 

profiling of Sm10b_1 utilising a G. mellonella model of infection revealed phage 

therapy can rescue larvae from lethal infections caused by clinical Serratia spp. This 

study contributes to phage taxonomy and the limited data on the therapeutic efficacy 

of Serratia phages.  
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Figure 1. Morphology of the novel Serratia-infecting phages. (A) phage 

vB_SmaP_10b_1. (B) phage vB_SmaS_12. Top images of each panel show plaque 

morphologies, while the bottom images show representative TEM micrographs of 

both phages.  
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Figure 2. Visualization of gene arrangements for the two novel phages. The images 

were created using Linear Genome Plot with .gbk annotation files produced by 
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Pharokka v1.6.1 (v1.4.0 databases). Gene functional annotations were assigned by 

Pharokka. 
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Figure 3. Comparative genomic analyses of phage Sm12. (A) First neighbours of 

Sm12, identified from the vConTACT2 proteome-based network analysis shown in 

Supplementary Figure 1. The subnetwork of neighbours was extracted from the 
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main network and rearranged using yFiles organic layout. (B) ViPTree-based 

analysis of the genomic data for phage Sm12 and its first neighbours. The tree is 

rooted at the mid-point, and was constructed based on the distance (1-similarity) 

matrix (tBLASTx results; bionj option of ViPTree). Phages shown in red were used to 

produce (C), a maximum-likelihood tree (rooted at the mid-point), with bootstrap 

values shown as a percentage of 100 replications, of TerL sequences of 59 phages 

most closely related to phage Sm12. No TerL protein was predicted for Vibrio phage 

PH669 (accession MW423738) or Vibrio phage PH669 (accession MW423739); the 

TerL sequence for Vibrio phage vB_VnaS-AQKL99 (accession MT795651) was 

excluded from the analysis shown in (C) as it was truncated (258 aa) compared with 

all other sequences (465–600 aa). Scale bar, average number of amino acid 

substitutions per position. The colour legend shown for the figure applies to (A–C). 
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Figure 4. Comparative genomic analyses of phage Sm10b_1. (A) First neighbours 

of Sm10b_1, identified from the vConTACT2 proteome-based network analysis 
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shown in Supplementary Figure 1. The subnetwork of neighbours was extracted 

from the main network and rearranged using yFiles organic layout. (B) ViPTree-

based analysis of the genomic data for phage Sm10b_1 and its first neighbours. The 

tree is rooted at the mid-point, and was constructed based on the distance (1-

similarity) matrix (tBLASTx results; bionj option of ViPTree). (C) Maximum-likelihood 

tree (rooted at the mid-point), with bootstrap values shown as a percentage of 100 

replications, of the TerL sequences of the phages most closely related to phage 

Sm10b_1. Scale bar, average number of amino acid substitutions per position. The 

colour legend shown for the figure applies to (A–C). 
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Figure 5. Survival of G. mellonella larvae (n = 30 per group) infected with 10 cfu of 

S. marcescens UMH9 (A) or S. oderifera Me113 (B) and treated with phage 

Sm10b_1 (1 x 107 pfu). Survival was recorded every 24 h over a period of 6 days. 

Controls of non-injected larvae and larvae injected with SM buffer only showed 

100 % survival at the end of the study period.  
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Table 1:  Details of bacterial strains used in this study  
     
Strain ID Species Isolation Source Provided by  Reference  
UMH9 S. marcescens Blood stream 

infection 
Provided by Professor H. 
Mobley, University of Michigan, 
USA 

Anderson et al. 
2017 

42 S. marcescens Clinical isolate Provided by Dr M. Diggle, 
EMPATH Nottingham University 
Hospitals UK 

NA 

JM51 S. plymuthica River water, 
environmental  

Dr Jody Winter, Nottingham 
Trent University, UK 

NA 

ME6 S. marcescens Catheter 
associated 
infection 

Mohamed Eladawy, Mansoura 
University, Egypt 

Eladawy et al. 
2025 

ME113 S. odorifera Catheter 
associated 
infection 

Mohamed Eladawy, Mansoura 
University, Egypt 

Eladawy et al. 
2025 

NTUCC294 S. marcescens Unknown  Nottingham Trent University, 
Teaching laboratory strain 
repository, UK.  

NA 

NTUCC834 S. marcescens Unknown  Nottingham Trent University, 
Teaching laboratory strain 
repository, UK.  

NA 

NTUCC476 S. marcescens Unknown  Nottingham Trent University, 
Teaching laboratory strain 
repository, UK.  

NA 

NTUCC763 S. marcescens Unknown  Nottingham Trent University, 
Teaching laboratory strain 
repository, UK.  

NA 

G2 S. marcescens Sputum, 
ventilator 
associated 
infection 

Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

G3 S. marcescens Broncho-Alveolar 
Lavage 

Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

G4 S. marcescens Blood Culture Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

G5 S. marcescens Ascitic Fluid Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

G6 S. marcescens Corneal Scrapings Pathogen bank, Nottingham 
University Hospitals, UK 

NA 
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C6 S. liquefaciens Blood Culture Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

C7 S. liquefaciens Blood Culture Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

C8 S. liquefaciens Blood Culture Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

C9 S. liquefaciens Blood Culture Pathogen bank, Nottingham 
University Hospitals, UK 

NA 

C10 S. liquefaciens Blood Culture Pathogen bank, Nottingham 
University Hospitals, UK 

NA 
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Table 2: Host range analysis and efficiency of plaƟng (EOP): ++ strong lysis, + weak lysis, and 
– no lysis. EOP is relaƟve to the rouƟne propagaƟon host, UMH9. Clinical strains indicated by 
†. 

Strain ID Species Sm10b_1 EOP Sm12 EOP 
UMH9† S. marcescens ++ 1 ++ 1 
42† S. marcescens -  - + 0.003 
JM51 S. plymuthica -  - -  - 
ME6† S. marcescens  - -  - - 
ME113† S. odorifera ++ 1.485 + 6.583 
NTUCC294 S. marcescens ++ 0.103 ++ 0.375 
NTUCC834 S. marcescens ++ 0.004 -  - 
NTUCC476 S. marcescens + 0.027  - - 
NTUCC763 S. marcescens + 0.009  - - 
G2† S. marcescens ++ 0.055 + 2.500 
G3† S. marcescens  - -  - - 
G4† S. marcescens ++ 0.001 ++ 0.005 
G5† S. marcescens ++ 0.001 ++ 0.333 
G6† S. marcescens ++ 0.033 ++ 0.0003 
C6† S. liquefaciens - - - - 
C7† S. liquefaciens - - - - 
C8† S. liquefaciens - - - - 
C9† S. liquefaciens - - - - 
C10† S. liquefaciens - - - - 
% of strains lysed 52.6  42.1  
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Table 3: Homologues of proteases identified in the genomes of S. marcescens UMH9 and S. odoifera ME113 by nucleotide megablast. 

        

Reference 
sequence Homologue in UMH9 

Percent 
coverag
e  

Percent 
identit
y  

Homologue in 
ME113 

Percent 
coverage  

Percent 
identity   

Serralysin prtS 
(accession 
MG020512.1 ) 

locus tag BVG96_21450, 
annotated as Serine 3-
dehydrogenase 

100 96.3 locus tag 
ACLPHD_15840, 
annotated as 
serralysin family 
protease 

99.74 81 

 
slpB (accession 
MG020513.1) 

absent  
  

absent 
  

 
slpC (accession 
WP_038629638.1
) 

locus tag BVG96_12480, 
annotated as peptidase 
serralysin  

100 95.6 absent  
  

 
slpD (accession 
WP_025302762 ) 

locus tag BVG96_08260, 
annotated as protease C 

100 95.6 absent  
  

 
slpE (accession 
KT901292.1) 

locus tag BVG96_08490, 
annotated as Serine 3-
dehydrogenase  

100 92.4 absent  
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